
c 

NASA CR-135078 

R76AEG461 

F t BER COMPOSITE FAN BLADE IMPACT IMPROVEMENT PROGRAM 

Final Report 
P 

by 

T.L. O l l e r  

GENE- ELECTRIC COMPANY 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

NASA-Lewis .Research C e n t e r  

NASA3-17836 



1. Report No. 

4. Title and Subtitle 

2. Government h i o n  No. 3. Recipient‘s Catalog No. 

5. Report Date 

CR 135078 

FIBER COMPOSITE FAN BLADE IMPACT IMPROVEMENT PROGRAM 
FINAL REPORT 

I December 1976 

1 6. Performing Organization Code 

7. Author($) 8. Performing Organization Report No. 
‘T.L. Oiler R76AEG461 

. 10. Work Unit No. 
9. Performing Organization Naqy and Address 

General Electric Company 
1 Jimson Road 
Cincinnat i ,  Ohio 45215 

13. Type of Report and Period Covered 

Contractor  Report 2 Sponsoring Agency Namo and Address 

National Aeronautics and Space Administration 
Washington, D.C. 20546 

11. Contract or Grant No. 
NAS3- 178 36 

14. Sponsoring Agency Code 

I 
5. Supplementary Notes 

b 

Technical Adviser, James Faddoul 
NASA-Lewis Research Center, Cleveland, Ohio 44135 

6. Abstract 

This repor t  descr ibes  the  r e s u l t s  of a 20-month program, beginning i n  June 1974, designed to 
inves t iga te  parameters which e f f e c t  the  foreign o b j e c t  damage r e s u l t i n g  f r o m  ingest ion of  b i r d s  
i n t o  fan blades of  a QCSEE-type engine. Work performed on t h i s  program included the design, 
fabr ica t ion ,  and impact t e s t i n g  of QCSEE fan blades t o  demonstrate improvement i n  FOD 
res i s tance  r e l a t i v e  t o  e x i s t i n g  blades and a l s o  the  design and demonstration of a pin root  
attachment concept ~ 

In the  f i r s t  phase of the  program, i t  was found tha t ,  i n  general ,  f o r  the  small o b j e c t s  used, 
the  s t r a i n s  i n  the blade a r e  proport ional  t o  the mass of the  impacting o b j e c t  and the square 
of the  r e l a t i v e  ve loc i ty  component normal t o  the blade chord a t  the impact locat ion.  These 
parameters can be f u r t h e r  combined i n t o  an average or nominal force normal t o  the blade a t  
the impact locat ion:  A f i n i t e  element computer program gave r e s u l t s  t h a t  compare w e l l  wi th  
the test data. I n  the second phase of t h e  program four  improved blades exhibi ted s u b s t a n t i a l  + 

improvement i n  MID res i s tance  r e l a t i v e  t o  former designs. 

Composite Blades 
Fan Blades 
A i r c r a f t  Propulsion and Power 
Impact Analysis 

* For sale by the National Technical Information Service, Springfield, Virginia 22151 

NASA-0168 (Rev. 6-71) 

OBIGmAL PAGE 
’ OF POOR QU- 



Sect ion  

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

TABLE OF CONTENTS 

Page - 
SUMMARY 1 

INTRODUCTION 2 

EVALUATION OF IMPACT PARAMETERS 4 

3.1 Blades Used 

3.2 Tes t  Apparatus 

3.3 Tes t  Plan 

3.4 Tes t  Resu l t s  

3.4.1 Tabulation of Impact Parameters 
3.4.2 P resen ta t ion  of Tes t  Data 
3.4.3 Spectrum Analysis 
3.4.4 Tes t  Data Comparison t o  A n a l y s i s  

IMPROVED IMPACT RESISTANT B-ES 

4.1 Materials Se lec t ion  

4.2 Blade Design 

4.2.1 Pin Root Blade Design 
4.2.2 Improved Impact R e s i s t a n t  Blade Design 

4.3 Blade Fabr i ca t ion  

4.4 Impact Tes t  Plan 

4.5 Tes t  R e s u l t s  and Discussion of Resu l t s  

4.5.1 P in  Root Blade Tes t  
4.5.2 Improved Blade Tes t  

CONCLUSIONS 

 REFERENCE^ 

APPENDIX 

iii 

4 

14 

25 

29 

29 
29 
53 
62 

'55 

76 

96 

96 
103 

115 

r 122 

122 

122 
125 

141 

143 

145 



, 

c 



Figure 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10 0 

11 0 

12 

13 a 

14. 

15 

16. 

17. 

18. 

19 a 

20. 

21. 

UTW Composite Fan Blade. 

UTW B l a d e  Chord Radial  D i s t r ibu t ion .  
Z=F 

UTW Blade Maximum Thickness Radial  IZistribu"ti.&. 

Page - 

UTW Blade Stagger  Angle Radial  D i s t r ibu t ion .  

UTW Blade Camber Angle Di s t r ibu t ion .  

Blade A i r f o i l  Sect ions.  

P ly  Layup and Mater ia l  Arrangement. 

QCSEE UTW Composite B lade .  

+-J -= 2 -* =% 

tt -3 -% 

%* 

.? 

, i - .  * 1- 

*.. 
e- s:= 

- F 5 
Blade Gage Map. 

S t r a i n  Gage Map. 
x 

,agp --- -_.. - + u *  . %*E Whir li gig  Tes t Faci  li t y  

Task I1 Blade I n s t a l l e d  I n  WhiHigig  F a c i l i e -  

Whir l ig ig  Rotor Assembly, QCSE@Impac%- Tests?  --ZG 

B i r d  Ingestion'Mechanism for S h g l e <  B i b &  m a t i n g  "z 

f - e  ~- -. Inges t ion  Testing. 

F i r i n g  Sequence, Whir l ig ig  Impact T e s t s .  

Impact Parameters Investigated'. '? 

Typical S t r a i n  Gage Trace. 

Run 2 Compared to  Run 1. 

-.. 

- ..*- ' f -  * - -- 

- ,* - -  -_- 
- 

-& 52  .=. :e- 

8 

9 

11 

13 

17 

1 8  

19 

21 

22 

23 

24 

26 

31 

32 

Run 4 Compared t o  Run 1. 33 

Run 3 Compared t o  Run 1. 34 
-3s -e?- r -  

-Y Comparison of S t r a i n s  f o r  Impacts a t  Two Dif fe ren t  d 

Spans. 35 

PRECEDING PAGE BLANK, NOT F m  



PI . . . - "_ 
0 2. .~;IST OF ILLUSTRATIONS (~ontinict*c~) - 

F i g u r e  

22 e S t r a i n  Data V e r s u s  T o t a l  Momentum for 75% Span Impact 
Tes ts .  38 

23 S t r a i n  Data Versus N o r m a l  Momentum f o r  t h e  75% Span 
I mpa c t s . 39 

4 0. 24. 

25. 

26, 

i n  Data Versus Transferred Energy f o r  75% Span Impacts. 
40 
42 

43 

Maximum S t r a i n  V e r s u s  Normal Energy f o r  75% Span Impacts. 

Maximum S t  rai  e r s u s  Normal Energy f o r  75% Span Impacts. 
- 

27 b Maximum S t r a i n  Versus Normal Energy f o r  37% Span. .- 44 

28, 

29 e 

Maximum S t ra in .Ver sus  Normal Energy f o r  37% Span. 

N o r m a l  Energy Versus Maximum-Strain Cor re l a t ion .  
C "  

45 

46 

47 

48 

49 

Normal Energy Versus Peak S t r a i n  on F i r s t  C y c l e .  30 

31. F i r s t  Peak S t r a i n  Versus Normal Force f o r  75% Span, 

F i r s t  Peak S t r a i n  Versus Noniial Force f o r  95% Span. 32 

50 33 * F i r s t  Peak S t r a i n  Versus N o r m a l  Force f o r  37% Span. 

51 34 e 

35 0 

F i r s t  Peak S t r a i n  Versus N o r m a l  Force f o r  37% Span. 

N o r m a l  Force Versus Peak S t r a i n  on F i r s t  C y c l e  f o r  37% 
amd 75% Span. 

S t r a i n  Gage 3 Time T r k e  f o r  Run 8.  

52 

54 36. 

37. Frequency Spectrum f o r  F i r s t  0.050 Seconds of Impact; 
Gage 3, Run 8. 55 

38. Frequency Spectrum f o r  F i r s t  '0,050 Seconds A f t e r  Impact; 
Gage 3, Run 8. 56 

Frequency Spectrum f o r  F i  rst 0.0125 Seconds A f t e r  Impact; 
Gage 3, Run 8. 

39 0 

57 

. .  

Vi 



LIST OF ILLUSTRATIONS (Continued) 

Page - Figure 

Frequency Spectrum f o r  F i r s t  0.. 006 Seconds Af t e r  Impact ; 
Gage 3, Run 8 .  

40. 
58 

59 S t r a i n  Gage 4 Time Trace f o r  Run 8. 41. 

42 Frequency Spectrum f o r  F i r s t  0.05 Seconds A f t e r  Impact; 
Gage 4, Run 8 .  60 

Frequency Spectrum f o r  F i r s t  0.05 Seconds A f t e r  Impact; 
Gage 4, Run 8. 

43 0 

61 

Frequency Spectrum f o r  F i r s t  0.0125 Seconds A f t e r  Impact; 
Gage 4, Run 8. 

44 0 

63 

Frequency Spectrum f o r  F i r s t  0.006 Seconds Af t e r  Impact; 
Gage 4, Run 8. 

I soparamet r ic  Repre.sentation o f  an Eight-ioded Element. 

45 0 

64 

65 

66 

67 

69 

70 

46 

47. 

48 e 

49. 

50 a 

51 e 

Gaussian I n t e g r a t i o n  of Eight-Noded Box Element. 

QCSEE Composite Blade Model. 

TAM€' B i r d  Impact Analysis. 

Ana ly t i ca l  Force on Blade f o r  Run 1. 

Ana ly t i ca l  P red ic t ions  Versus Tes t ;  Run 1, Base l ine  Impact, 
75% Span, 16 gram S l i c e ,  a t  3200 rpm. 

Ana ly t i ca i  S t r a i n  Versus Tes t  S t r a i n  Runs 1 and 8, 

Analy t i ca l  S t r a i n  Versus Tes t  S t r a i n  Run 5. 

71 

n 52. 

53 0 

54. 

55 0 

56. 

57. 

58. 

72 

73 

Tes t  Specimen Configurations.  77 

Tes t  Specimen Location i n  Molded Panel. 78 

80 Typical Half-Panel Layups. 

Tes t  Panel Data Evaluation. 

Cross Sec t ion  o f  Tes t  Panel Representing Curren t  QCSEE 
Blade. 

83 

84 

_ .  .. - .  

v i i  

c 



LIST OF ILLUSTRATIONS (Cont inucd) 

Figure  Page 

85 

- 
59. C r o s s  Sec t ion  of T e s t  Panel Represent ing Task II Blades. 

60. Cross Sec t ion  of T e s t  Panel  Represent ing Standard Layup 
w i t h  T300 Graphite.  86 

61 e C r o s s  Section of T e s t  Panel  Represent ing Curren t  QCSEE 
wi th  S-Glass Replacing Kevlar. 87 

88 Cross Section of T e s t  Panel Represent ing Standard Layup. 

Cross  Sec t ion  of T e s t  Panel Represent ing Standard Layup 
wi th  Boron Added. 89 

91 64 Panel 7 Layup. 

65. Panel 8 Layup. 

AF126 Adhesive Panel 

S ?  Shingling" Radia l  Tes t  Panel ~ 

Pin  Root Doveta i l  Outser t .  

P i n  Root Dovetai l  T i e  B a r .  

P i n  Root Doveta i l  Bolt Clevis .  

92 

93 

95 

97 

67, 

68 

69 0 
98 

99 

71 0 

72.  

73 s 

P i n  Root Doveta i l  Spindle .  

P i n  Root Blade P a r t s .  

400 

101 

P i n  Root B l a d e  P a r t s  and Assembled Blade. 102 

74. 

75. 

Schematic of QCSEE and Standard Layups. 

One Sided Layup. 

Singled Layup. 

TICW . 

107 

108 

76. 109 

110 

111 

1112 

Layup Sequence for Blade PQP003. 

Layup Sequence for Blade PQPO04. 79 0 

v i i i  

8 



LIST OF ILLUSTRATIONS (Concluded) 

Figure 

80 

81. 

82 e 

83 

84. 

85 

86. 

87. 

88 

89 

90 s 

91 * 

92 e 

93 0 

94 * 

95 0 

9G0 

97. 

98. 

99. 

Layup Sequence f o r  Blade pQP005. 

Layup Sequence f o r  Blade PQP006. 

Molding Procedure f o r  PR288/Type AU Blade wi th  G e l  
Time a t  124O K (230' F). 

Test  Technique f o r  Ultrasonic C-Scan o f  Composite Blades. 

Laser Holographic F a c i l i t y .  

Holographic NDT of QCSEE Blade. 

Pin Root Blade R o o t  Delami.nation, T r a i l i n g  Edge. 

Pin Root Blade Root Delamination, Unbonded A r e a .  

Pin Root Blade Af te r  Impact. 

Rotat ion Af te r  Impact f o r  Pin Root and Keyhole O u t s e r t s .  

Blade Weight Loss for 75% Span Impact T e s t s .  

A i r f o i l  Area Delaminated. 

Blade PQPOO3 Concave Side Af t e r  Impact. 

Blade PQPOO3 Convex Side Af te r  Impact. 

Blade PQP004 Concave Side Af t e r  Impact. 

Blade PQP004 Convex Side Af te r  Impact. 

Blade PQPOOS Concave Side  Af te r  Impact. 

Blade PQP005 Convex Side Af t e r  Impact. 

Blade PQP006 Concave Side  Af t e r  Impact. 

Blade PQP006 Convex Side Af te r  Impact. 

i x  

Page - 

114 

117 

119 

120 

121 

124 

124 

126 

127 

130 

131 

133 

134 

135 

136 

137 

138 

139 

140 

. .... . .: . , . .. . .  . .  . , .. . . . . .. .... , ., . . . . . ._. . :  - .. ., . . . -  . .  



LIST OF TABLES 

Table 

4. QCSEE UTW Composite Fan Blade Design Summary. 

1%. 

IV. 

V. 

VI. 

VII, 

VIP1 0 

IX 

X. 

X1. 

XI1 ~ 

X X I I ,  

Composite Material P rope r t i e s .  

Blade Frequency C h a r a c t e r i s t i c s .  

Tes t  Matrix. 

Summary o f  T e s t  Conditions. 

F i r s t  Peak S t r a i n .  

Maximum Peak S t r a i n .  

Def in i t i on  o f  O r i g i n a l  Panel F i b e r m e s i n  Systems. 

Tes t  Panel Data f o r  Materials Screening Study. 

BladeDanel  Material Property Comparison. 

Candidate Materials. 

Blade Candidates. 

Te s t Matr ix  . 
XIV. Bench Frequency Summary. 

XV. Whir l ig ig  Impact Tes t  R e s u l t s  33" Incidence Angle a t  
Takeoff Engine Conditions. 

6 

15 

16 

28 

30 

36 

37  

79 

82 

96 

104 

106 

123 ' 

128 

129 

. 

X 



1.0 SUMMARY 

This r e p o r t  desc r ibes  t h e  r e s u l t s  of a 20-month program designed t o  
i n v e s t i g a t e  parameters which e f f e c t  the fo re ign  o b j e c t  damage r e s u l t i n g  
from inges t ion  of b i r d s  i n t o  f a n  b lades  of a QCSEE-type engine and t o  
design, f a b r i c a t e ,  and impact test QCSEE f a n  blades which show improvement 
i n  FOD r e s i s t a n c e  relative t o  e x i s t i n g  blades.  
t h e s e  ob jec t ives ,  two phases of e f f o r t  w e r e  accomplished. 

impacted i n  a Whir l igig f a c i l i t y  a t  s e l e c t e d  impact condi t ions  using small 
RTV p r o j e c t i l e s  while  t h e  r e s u l t i n g  dynamic s t r a i n s  i n  t h e  b lades  w e r e  
recorded. Nine instrumented impacts were conducted. The mass of t h e  
impacting p r o j e c t i l e  w a s  s m a l l  [14 t o  28 gm. (ll2 t o  1 ounce)] i n  order  t o  
ensure elastic behavior i n  t h e  blades and t h e  s t r a in  gages. The impact 
s t r a i n  data w a s  a l s o  compared t o  r e s u l t s  obtained from a f i n i t e  element 
computer program. I n  t h e  second phase of t h e  program, fou r  improved QCSEE- 
type  fan  b lades  w e r e  designed, f ab r i ca t ed  and impact t e s t ed .  
attachment concept w a s  a l s o  inves t iga t ed  from an impact s tandpoin t  i n  t h i s  
phase 

I n  o rde r  t o  accomplish 
I n  t h e  f i r s t  

, phase, strain-gage-instrumented QCSEE-type f an  b lades  were s ingle-blade 

A p i n  roo t  

I n  t h e  f i r s t  phase of t h e  program, i t  w a s  found t h a t ,  i n  genera l ,  f o r  
t h e  small o b j e c t s  used, t h e  strains in t h e  b lade  are p ropor t iona l  t o  t h e  
mass of t h e  impacting o b j e c t  and t h e  square  of t he  r e l a t i v e  v e l o c i t y  com- 
ponent normal t o  t h e  b lade  a t  t h e  impact loca t ion .  
f u r t h e r  combined i n t o  an average o r  nominal f o r c e  normal t o  t h e  b lade  a t  
t h e  impact loca t ion .  I n  general ,  t h e  f i n i t e  element computer program gave 
r e s u l t s  t h a t  compare well. wi th  the  test data .  I n  the  second phase of t h e  
program, t h e  fou r  improved b lades  exhib i ted  s u b s t a n t i a l  improvement i n  FOD 
r e s i s t a n c e  relative t o  former designs. 

These parameters can be 

~ . . . . - . . . . .._ . . .. . . . . . . . . . 



2.0 INTRODUCTION 

Over t h e  last  s e v e r a l  yea r s ,  General Electric has been conducting a 
continuous e f f o r t  under NASA-sponsored and o the r  r e l a t e d  programs d i r e c t e d  
a t  improvement of composite blade fo re ign  ob jec t  impact damage r e s i s t a n c e .  
F i e l d  s e r v i c e  r e p o r t s  f o r  both commercial and m i l i t a r y  opera t ions  i n d i c a t e  
t h e  s e v e r i t y  of t h e  FOD problem. High i n c i d e n t  rates of b i r d  s t r i k e s  ~ 

occur, p a r t i c u l a r l y  during takeoff and landing phases of t h e  f l i g h t  envelope. 
Of t h e  i n c i d e n t s  l i s t e d ,  a f a i r l y  high percentage cause damage t o  t h e  
engine 

Engine FOD c a p a b i l i t y  requirements are quan ta t ive ly  defined by FAA 
s p e c i f i c a t i o n s .  The QCSEE engine w i l l  be requi red  t o  absorb t h e  impact  of 
16 s t a r l i n g s ,  e i g h t  0.68 kg (1.5 l b )  b i r d s  o r  one 1.8 kg ( 4  l b )  duck. To 
s a t i s f y  these  s p e c i f i c a t i o n s ,  i t  w i l l  be necessary f o r  t h e  engine t o  s u s t a i n  
l i t t l e  o r  no damage during s t a r l i n g  inges t ion ,  t o  be a b l e  t o  maintain 75 
percent engine t h r u s t  following t h e  e i g h t  0.68 kg (1.5 l b )  b i r d  inges t ions ,  
and t o  have a s a f e  engine shutdown wi th  a l l  damage being contained wi th in  
t h e  engine casing following a 1.8 kg (4 l b )  b i r d  inges t ion .  

In order  t o  maintain engine t h r u s t  a f t e r  s t a r l i n g  o r  0.68 kg b i r d  
impacts,-unbalance must be he ld  t o  a . low value.  
wakes i t  manditory t h a t  fan b lades  e x h i b i t  l i t t l e  or no loss  of material when 
subjec ted  t o  up t o  0.68 kg b i r d  impacts .  

This requirement 

QCSEE s ingle-blade Whir l igig impact t e s t i n g  conducted i n  1974 revealed 
t h a t  t he  candida te  f an  b lade  exh ib i t ed  unacceptable l o c a l  impact damage. 
For a 0.91 kg (2  l b )  b i r d  impact a t  takeoff condi t ions ,  t h e  blade l o s t  over 
60 percent of i t s  o r i g i n a l  weight and w a s  completely delaminated. 
ex tens ive  p o s t t e s t  f a i l u r e  a n a l y s i s  of t h e  impacted b lade  w a s  conducted t o  
ga in  i n s i g h t  i n t o  the  f a i l u r e  c h a r a c t e r i s t i c s  of t h e  blade.  
i t e m s  analyzed were high speed motion p i c t u r e s  of t h e  impact, dye penet ran t  
inspec t ion ,  u l t r a s o n i c  in spec t ion  and scanning e l e c t r o n  micropscopy of t he  
damaged blades.  The gene ra l  conclusion reached from t h e  d a t a  w a s :  

An 

Among t h e  

e The b lades  f a i l e d  because of t h e  low in t e r l amina r  shear  s t r e n g t h  
of t h e  materials used. This  w a s ,  i n  t u r n ,  caused by t h e  low bond 
s t r e n g t h  between t h e  unt rea ted  g r a p h i t e  and Kevlar f i b e r s  and the  
r e s i n .  

To improve t h e  impac t  r e s i s t a n c e  of t h e  QCSEE-type b lades ,  t he  cu r ren t  
program, which w a s  a l ready  underway, w a s  r e d i r e c t e d  i n  J u l y ,  1975. The 
o r i g i n a l  program w a s  intended t o  deyelop a p i n  roo t  attachment concept as a 
backup t o  t h e  c i r c u l a r  keyhole /outser t  attachment used on t h e  QCSEE blade.  
Since the  p i n  roo t  attachment had been designed and hardware procurement 
a l ready  was underway when the  r e d i r e c t i o n  occurred, t h e  p in  roo t  concept 
w a s  c a r r i e d  through i n t o  the  cu r ren t  program and a p in  roo t  b lade  w a s  
f a b r i c a t e d  and impact t e s t ed .  

2 
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The purpose of t h e  r ed i r ec t ed  program w a s  two fo ld :  

e To i n v e s t i g a t e  the  e f f e c t  of var ious  impact parameters such as 
f a n  speed, b i r d  sl ice weight, span, and incidence angle  on t he  
impact s e v e r i t y  due t o  b i r d  strikes. 

e To design,  f a b r i c a t e ,  and wh i r l ig ig  impact test fou r  new types of 
b lade  designs t o  eva lua te  t h e i r  impact r e s i s t a n c e  relative t o  
e x i s t i n g  blades.  A l l  b lades  were fab r i ca t ed  using e x i s t i n g  QCSEE 
blade  too l ing ,  thus  geometry w a s  constant .  

To accomplish the f i r s t  ob jec t ive ,  a series of e x i s t i n g  QCSEE composite 
blades were whi r l ig ig  t e s t e d  a t  va r ious  impact condi t ions.  Three of t hese  
blades w e r e  instrumented wi th  s t r a i n  gages. 

Those impact parameters t h a t  most g r e a t l y  a f f e c t  FOD t o  composite f a n  
blades were def ined based upon d a t a  generated i n  t h i s  test series. A 
f i n i t e  element computer program w a s  a l s o  u t i l i z e d  t o  c a l c u l a t e  t h e  s t r a i n  
a t  t h e  loca t ions  where s t r a i n  gages w e r e  i n s t a l l e d  on t h e  blade.  
sons between t h e  s t r a i n s  from the  computer model and the  test da t a  were 
made - 

Compari- 

The second ob jec t ive  w a s  accomplished through t h e  design of t he  i n t e r -  
n a l  laminate conf igura t ion ,  f a b r i c a t i o n ,  and t e s t i n g  of a series of fou r  
QCSEE-type composite f a n  blades.  Each of t hese  blades inc’orporated d i f -  
f e r e n t  materials and/or laminate designs t h a t  w e r e  expected t o  have a 
p o s i t i v e  inf luence  on FOD t o l e rance  improvement. Specimen t e s t i n g  of 
var ious  materials and layup conf igura t ions  was  conducted t o  he lp  de f ine  
improved material systems t o  be used i n  t h e  blades.  A l l  b lades  w e r e  designed 
t o  meet frequency, s t a b i l i t y ,  and s t r e n g t h  cri teria requi red  f o r  s a t i s f a c -  
t o r y  engine operat ion.  One b lade  of each of t h e  fou r  designs w a s  f ab r i ca t ed .  
The too l ing  f o r  molding these  blades w a s  t h e  same too l ing  as t h a t  used f o r  the  
QCSEE v a r i a b l e  p i t c h  f a n  b lades  (Reference 1). 

Each of t h e  four  b lades  w a s  impact t e s t e d  i n  t h e  w h i r l i g i g  f a c i l i t y .  A l l  
b lades  were t e s t e d  us ing  t h e  same s l ice  s i z e ,  i n c i d e n c g a n g l e  and r e l a t i v e  v e l o c i t y .  
ve loc i ty ,  
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3.0 

To establish those 

EVALUATION OF IMPACT PARAMETERS 

parameters which have the greatest influence on blade 
impact damage and FOD resistance, a series of "same-design" composite 
blades supplied by the QCSEE program were whirligig tested at various 
impact conditions. Three of these blades were instrumented with strain 
gages 

The impact slice sizes were small [14 to 18 grams (1/2 to 1 ounce)] to 

A finite element computer program was also utilized to calculate the 
assure blade response would be elastic and to avoid destruction of the strain 
gages. 
strain at the locations where strain gages were installed on the blade. 
Comparisons betweep the strains from the computer model and the test data were 
made. 

3.1 BLADES USED 

The four blades used for thio test series were preliminary QCSEE UTW 
composite blades as fully described in Reference 1. 
is shown in Figure 1. The blade molded configuation consisted of a solid 
composite airfoil and staight bell-shaped composite dovetail. The molded 
blade leading edge was slightly reduced in thickness along the entire span 
to allow space for nickel plate leading edge protection. The correct aero- 
dynamic airfoil profile was established when the nickel plate was installed. 
An aluminum outsert was bonded to the dovetail to provide a bearing surface 
at the blade/trunnion interface. This circular outsert concept permits the 
blade to rotate about the root upon sufficienlty high impact forces, thereby 
absorbing some of the impact energy. 

The blade configuration 

A summary of the aero blade parameters is presented in Table I. The 
blade chord, maximum thickness, stagger angle, and camber are plotted as a 
fundtion of blade span in Figures 2, 3,  4, and 5 ,  respectively. 

The airfoil definition is described by E5 radially spaced airfoil 
cross sections which are stacked on a common axis. These are shown along 
with details of the blade cross sections in Figure 5. 
corresponds to the like designated elevation defined on the blade, Figure 
1. The dotted portion of the leading edge defines the aero profile and the 
solid inner portion describes the molded composite cross section. 

Each section location 

The material and ply arrangement for the QCSEE composite blades is 
based on previous development efforts which led to the selection of a 
combination of fibers in a single blade to provide the proper frequency 
responses to satisfy STOL engine conditions. 
ply shapess Payup arrangement, fiber orientations and material in each ply 
of the blade. 

Figure 7 shows the general 

Figure 8 shows a trimetric view of the general arrangement 
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Table I .  

Aero Def in i t ion  

Tip Speed 

Tip Diameter 

Radius Ratio 

QCSEE UTW Composite Fan Blade Design Summary. 

306 m/sec (1005 f t / s e c )  

180 em (71 i n . )  

0.44 

Number of Blades 

Bypass Pressure Ratio 

Aspect Rat i o  

Tip  Chord 

Root Chord 

a, Root 

TM T i P  

Root Camber 

Total Twist 

s o i i a i t y  

T i p  

Root 

18 

1.27 Takeoff 

2.11 

30.3 cm (11.91 in.) 

14.8 c m  (5.82 i n . )  

1 .92 em (0 .76 i n , )  

8 .91  c m  (0.36 i n . )  

66.2O 

45 

0.95 

0.98 

. 



Maximum Thickness, cm 

Chord, cm 

Figure 2. UTW Blade Chord Radia l  D i s t r ibu t ion .  

Maximum Thickness. in.  

35 

30 

I 

a w. 

c ul 

25 w. 

20 

5 

Figure  3. UTW Blade Max. Thickness Radia l  D i s t r i b i t i o n .  

7 



8 

Angle, degrees 

Figure 4 *  UTW Blade Stagger Angle Radial Dis tr ibut ion.  

Angle, degrees 

Figure 5 .  UTW Blade  Camber Angle Di s tr ibut ion .  
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Figure 6.  Blade Airfoil S e c t i o n s .  
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Local Transverse 
Strengthening P l i e s  7 

.. . 
... 
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. .  . .  

Graphite/Kevlar 
Centrifugal and 

Flexural Load P l i e s  
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Flex Root P1 ies 

Boron Torsional 
S t i f f en ing  P l i e s  

N i c k l e  P la te  
Leading Edge 
HID Protection 

Figure 8.  QCSEE UTW Composite Blade. 
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of t h e  p l i e s  i n  t h e  blade. Tors iona l  s t i f f e n i n g  p l i e s  i n  t h e  a i r f o i l  
reg ion  of t h e  blade are o r i e n t e d  a t  k 45 degrees t o  provide t h e  shea r  
modulus r equ i r ed  f o r  a h igh  f i r s t  t o r s i o n a l  frequency. These p l i e s  conta in  
boron towards t h e  ou,ter su r f aces  of t h e  b l ade  and g r a p h i t e  i n  t h e  i n n e r  
regions.  P l i e s  of Kevlar-49 are i n t e r s p e r s e d  throughout t h e  b lade  wi th  
t h e i r  f i b e r s  being o r i e n t e d  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  of t h e  blade.  
Severa l  Kevlar-49 p l i e s  i n  t h e  t i p  reg ion  of t h e  b lade  are o r i en ted  a t  90 
degrees  t o  t h e  l o n g i t u d i n a l  a x i s  t o  provide chordwise s t r e n g t h  and s t i f f n e s s  
t o  t h e  blade. S-glass p l i e s  are included on t h e  su r face  of t h e  b lade  i n  the  
r o o t  region f o r  increased  r o o t  f l e x i b i l i t y .  

The r e s i n  system used is a product of t h e  3M Company and is designated 
as PR288. 
shown i n  Table 11. 

Material p r o p e r t i e s  f o r  t h e  va r ious  f i b e r s  and t h e  r e s i n  used are 

A summary of t h e  b lade  f requencies  and weights f o r  t h e  s p e c i f i c  
b lades  used f o r  t h i s  t e s t i n g  are shown i n  Table 111. 

Figure 9 p re sen t s  t h e  s t r a i n  gage map used. Blades QP010, QP013, and 
QPQl4 w e r e  instrumented and s t r a i n  d a t a  were recorded f o r  t h e  f i r s t  n ine  
tests. Gage l o c a t i o n s  w e r e  s e l e c t e d  t o  correspond t o  t h e  c e n t e r s  of t h e  
elements i n  t h e  f i n i t e  element computer model t o  a l low d i r e c t  comparison 
between test and a n a l y s i s  (Figure 10) .  

The s t r a i n  gage used w a s  an FAE-125-35-S6E. This gage, purchased from 
BEH, Inc. ,  w a s  s e l e c t e d  because of i t s  good e longat ion  p r o p e r t i e s .  It is  a 
0.32 cm (1/8 inch) long gage made of Constantan 400 f o i l  and has  an e longat ion  
c a p a b i l i t y  of t h r e e  t o  f i v e  percent .  
has  been demonstrated on previous programs t o  be w e l l  over  20 kHz. 

The dynamic c a p a b i l i t y  of t h i s  gage 

The cement, BR6110 a s tandard  s t r a i n  gage cement, w a s  purchased from 
W.T. Bean, Inc. ,  and is  r a t e d  between t h r e e  and seven percent e longat ion  
depending on test condi t ions .  
h e a t  cure  of two hours a t  135" C (275" F) minimum. 

It is a thermoset t ing epoxy and r e q u i r e s  a 

The jumper w i r e s  and l ead  w i r e s  w e r e  s tandard  Tef Ion-coated stranded. 
copper, The jumpers were 36 AWG; t h e  leadout w i r e  w a s  30 AWG. 

The l e a d  w i r e s  on t h e  b lade  a i r f o i l  w e r e  he ld  down wi th  "Metlbond 329". 
Th i s  is a thermoset t ing m e t a l - f i l l e d  epoxy on a s y n t h e t i c  f i b e r  c l o t h  
carrier. The cure  temperature w a s  135" C (275" F) f o r  1.5 hours minimum. 

Readout w a s  on a cons tan t  DC vo l t age  br idge  balance c i r c u i t  wi th  a f i v e  
VDC supply. 
(60 in . / s ec ) .  
f o r  a n a l y s i s  

Output w a s  recorded on magnetic tape a t  a speed of 152 cm/sec 
S t r a i n  d a t a  versus  t i m e  w a s  then  t r a n s f e r r e d  t o  g raph ica l  form 

3.2 TEST APPARATUS 

The f a c i l i t y ,  shown schemat ica l ly  i n  Figure 11, c o n s i s t s  of a 0.75 Mw 
(1000 horsepower) d r i v e  motor, a var iable-speed output magnetic c l u t c h ,  a 
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Table 111. Blade" Frequency Characteristics. 

~ 424 6 6 4  

Weight, -Fp- 

1::: I :::: 
2 . 2 4  4 . 9 4  

* Material A~/Boron/S-GPass/Kelvar 
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Figure  10. S t r a i n  Gage Yap. 
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speed-increasing gearbox, and a ho r i zon ta l  d r i v e  s p i n d l e  s h a f t  t o  t h e  r o t o r .  
The test se tup  w a s  b a s i c a l l y  a s tandard  TF39 f an  package. 
r o t o r  were enclosed i n  an environmental chamber t o  c o n t r o l  the  atmosphere 
and contain t h e  deb r i s .  During t e s t i n g ,  t h e  chamber w a s  f i l l e d  with helium 
t o  lower t h e  hea t  buildup caused by t h e  r o t a t i n g  blade.  Figure 12 p resen t s  
a photograph of a b l ade  i n s t a l l e d  i n  the f a c i l i t y .  

The b lade  and 

The r o t o r  was  s o f t  mounted t o  l e s sen  poss ib l e  r i g  damage should an 
unbalance occur. 
t h e  composite b lade  and t h e  o t h e r  f o r  a counter weight. 
w a s  pos i t ioned  f o r  proper incidence angle  f o r  impact. This is shown i n  
Figure 13. 

The d i s k  w a s  provided w i t h  two opposing sp ind le s ,  one f o r  
The b lade  sp ind le  

' 

The environmental chamber is  made wi th  camera p o r t s ,  loca ted  on both 

The blades and 
s i d e s  and d i r e c t l y  i n  f r o n t  of t he  r o t o r ,  t o  p e r m i t  high speed.motion 
p i c t u r e s  t o  be taken from several angles  simultaneously.  
background are appropr ia te ly  pa in ted  t o  r e f l e c t  l i g h t  and provide c o n t r a s t  
f o r  t h e  movies. 

The blades w e r e  impacted wi th  s imulated (RTV) b i r d s  i n j e c t e d  i n t o  the  
path of t he  blade at. t h e  a p r o p r i a t e  r o t o r  speed. 

t o  set the  impact b i t e .  This means t h a t  t he  b i r d  is  secure ly  f ixed  t o  a 
mechanical system which i n s e r t s  i t  a t  a set depth i n t o  the  path of t h e  
r o t a t i n g  blade and retracts i t  a f t e r  impact .  Bas ica l ly ,  the  mechanism shown 
i n  Figure 1 4  cons i s t s  of a cup (b i rd  c a r r i e r )  a t tached  t o  the  end of a spring- 
loaded s h a f t  which is  supported and f r e e  t o  s l i d e  i n  b a l l  bushings. It i s  
ac tua ted  by f i r i n g  an explosive b o l t  which holds t h e  s h a f t  (and spr ing)  i n  the  
r e t r ac t ed '  (cocked) pos i t ion .  The p a r t i c u l a r  spr ings  used provided a maximum 
s t r o k e  of 7.6 c m  (3.0 in . )  i n  10 mil l iseconds.  This y ie lded  a maximum s l i c e  
s i z e  of 6.35 c m  (2.5 i n . )  allowing 1.25 cm (0.5 in . )  c learance  between blade 
and b i r d  before  impact, 

The dens i ty  of theRTV 
material used w a s  673 kg/m 5 (42 l b / f t 3 ) .  The "Fixed Bird" technique is used 

To ob ta in  the  required slice, the  explosive b o l t  must be f i r e d  when the  
r o t o r  is  a t  t h e  requi red  speed, but  a t  an i n s t a n t  which w i l l  p e r m i t  t he  blade 
t o  reach t h e  impact po in t  a t  t h e  s a m e  t i m e  t h e  b i r d  reached t h e  des i red  depth 
( f u l l  s t roke) .  
t h e  event.  

I n  addi t ion ,  t he  camera and l i g h t s  must be a c t i v a t e d  t o  record 

Figure 15 shows the  block diagram of t h e  f i r i n g  system used t o  t r i g g e r  
t he  events  and f i r e  t he  b o l t  a t  the  proper t i m e .  The opera t ing  sequence f o r  
t h e  system is ou t l ined  below. 

0 The r o t o r  speed s i g n a l  is fed  t o  a frequency counter.  When 
t h e  proper speed is  reached, t he  ce l l  opera tor  t u r n s  on the  spot- 
l i g h t s  and activates the  t r i g g e r  switch,  s t a r t i n g  t h e  cameras. 

0 When t h e  con t ro l  camera reaches opera t ing  speed, i t  t r i p s  a micro- 
switch which completes a c i r c u i t  t o  p e r m i t  t h e  l / rev s i g n a l  t o  
reach the  delay u n i t .  
sets of sequenced f l a s h  bulbs.  

This s i g n a l  a l s o  starts the  f i r i n g  of fou r  

20 
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Disk 

SECT 8 - 6 

Figure 13. Whirligig Rotor Assembly, QCSEE Impact T e s t s .  
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Figure 14. B i r d  Ingest ion echanism for Single  Blade Rotating Ingest ion 
Test ing 
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e After a preset delay has occurred, allowing the flash bulbs to 
reach maximum lighting intensity, the delay unit discharges, 
causing the bolt to fire. 

Experience has indicated that setup and operation for impact testing 
large composite blades in the soft mounted vehicle required that a large 
number of details, parameters and procedures be checked, logged and followed. 
Therefore, extensive use of check lists was made to insure that all prepara- 
tions and setups are completed before each shot and that the established 
test procedure was followed. In addition, an engineering data sheet was 
included to be sure that pertinent data items were obtained. 

3 . 3  TEST PLAN 

Since the objective of the testing was to investigate the effects of 
various impact parameters on FOD to composite blades, a test plan was 
developed which varied the impact parameters in a systematic manner. Three 
of the four blades tested were strain gage instrumented in order to measure 
the strains resulting from the controlled impacts. 
importance of each parameter in terms of FOD resistance to be identified. 

This allows the relative 

The impact parameters investigated are defined in Figure 16; they 
include total momentum (MT), normal momentum (MN), normal energy (EN), 
transferred energy (Eij, and normal force (FN). Total momentum (MT) is 
defined as the mass of the bird sliced off (Ws) times the circumferential 
velocity of the blade at the impact location (Vrel). The normal momentum 
(MN) is the component of momentum normal to the chord of the blade at the 
impact location, Ws Vr-1 (sin e ) .  
energy of the bird slice relative to the blade in a direction normal to the 
blade chord, Ws (Vre1 sin F I ) ~ / ~ ,  

The transferred energy (ET) is derived from conservation of momentum 
considerations assuming the blade and bird move as one body after impact, 
that is : 

* ,. 

The normal energy (EN) is the kinetic 

where Vc = the combined velocity of blade and bird after imapct 

WB = effective mass of the blade 
(sin e >  ws Vre1 

wS 4- wB 
then Vc = 

then ET =(Vc2/2)WB = energy added to blade by bird strike so that 

25 
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The normal f o r c e  (FN) is  ca l cu la t ed  using a f l u i d  dynamic analogy. 
That is, i f  t h e  b i r d  is  assumed t o  have f luid- type p rope r t i e s  under impact 
condi t ions,  then i d e a l l y  t h e  impact f o r c e  on the  blade would be: 

FN = ApA 

where Ap = pressure  d i f f e rence  *- 
3 
i. ,I 

A = area 

For t h e  case  of a c y l i n d r i c a l  b i r d  being s l i c e d  by t h e  blade,  t he  
pressure  component normal t o  t h e  blade is  Ap = 1/2 p VN' o r  F = 1/2 p 
v N ~ A .  

The maximum contac t  area between t h e  blade and b i r d  would be  an 
e l l i p se  and would occur when the  blade w a s  ha l f  way through t h e  b i rd :  

IT 
= - 4 DB (5) - 

so t h a t  t h e  normal fo rce  would be: - 

noting t h a t  Ws = p(:) D B ~  ( i )  . 

Table I V  p resents  t h e  test schedule. The last  f i v e  columns on Table 
I V  present  t he  v a r i a t i o n  of t h e  impact parameters relative t o  run 1 on 
QPOlO f o r  t h e  75% span impacts. 
compared t o  run 5. 

For t h e  37% span impacts t he  parameters a r e  
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3 . 4  TEST RESULTS 

3 . 4 . 1  Tabulat ion of Impact Parameters 

The impact parameters s tud ied  are discussed i n  Sec t ion  3 . 3  of t h i s  
r epor t .  
whi le  the  a c t u a l  test condi t ions  and t h e  ca l cu la t ed  va lues  f o r  t h e  f i v e  
impact parameters are l i s t e d  i n  Table V. 
parameters t o  t h e  a c t u a l  test parameters shows t h a t  t he  only i t e m  t h a t  
va r i ed  s i g n i f i c a n t l y  from t h e  plan w a s  t h e  sl ice weight. I n  s p i t e  of t h i s ,  
t h e r e  i s  s u f f i c i e n t  v a r i a t i o n  i n  t h e  impact parameters t o  a l low parameter 
evaluat ion.  

The planned test condi t ions were shown i n  Table I V  i n  Sect ion 3 . 3 ,  

A comparison of t he  planned test 

3 . 4 . 2  Presenta t ion  of T e s t  Data 

For each run made (see  Table V), t he  dynamic s t r a i n  da t a  w a s  recorded on 
t a p e  and then played back w i t h  the  s t r a i n  response of each gage being 
presented versus  t i m e .  

Figure 17 presents  s t r a i d t i m e  traces f o r  several gages f o r  t he  f i r s t  
sho t  1 6 . 0  gram ( 0 . 5 6 3  ounce) s l i c e  at 3200 rpm. Figures 18,  1 9 ,  and 20 
present  s t ra idt ime traces f o r  t h ree  o the r , sho t s  relative t o  t h e  f i r s t  1 6 . 0  
gram ( 0 . 5 6 3  ounce) s l i c e  a t  3200 rpm data .  Several  observat ions may be 
made from these  comparative da ta :  

e All the  dynamic s t r a i n  da t a  appear  t o  be of high q u a l i t y  w i t h  
regard t o  r e p e a t a b i l i t y ,  accuracy, and no i se  level. 

o The s t r a i n  waveforms f o r  a given impact l oca t ion  tend t o  be inde- 
pendent of p r o j e c t i l e  va r i ab le s .  That is ,  t h e  frequency of t he  
waveforms are independent of p r o j e c t i l e  va r i ab le s .  However, when 
impacts a t  d i f f e r e n t  spans are considered, sho t s  1 and 5 f o r  
example, Figure 21, t he  waveforms show dramatical ly  d i f f e r e n t  
c h a r a c t e r i s t i c s .  

8 Peak s t r a i n  amplitudes i n  t h e  impact  region occur on the  f i r s t  
cyc le  and are dependent on p r o j e c t i l e  va r i ab le s .  

The s t r a i d t i m e  traces f o r  a l l  sho t s  made are included i n  the  Appendix 
f o r  reference purposes. From the  s t ra id t ime traces i n  the  Appendix, 
values  f o r  f i r s t  peak s t r a i n  and maximum peak s t r a i n  were tabula ted  and are 
shown i n  Tables V I  and V I I .  
parameters from Table V I ,  p l o t s  were made showing impact parameter versus  
f i r s t  peak s t r a i n  and impact parameter versus  maximum peak s t r a i n  f o r  
impacts a t  75 percent span and impacts  a t  37 percent  span. 

Using t h i s  d a t a  and values  f o r  t he  impact 

Representat ive p l o t s  showing t o t a l  momentum (MT), normal momentum (MN), 

The da ta  shown i n  these  p l o t s  are f o r  s t r a i n  gages 2 through 7 and runs 
and t r ans fe r r ed  energy (ET) versus  s t r a i n  are shown i n  Figures  22 through 
2 4 .  
1, 2 ,  3 ,  4 ,  8,  and 9 which w e r e  75  percent  span impacts. From the  d a t a  
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Figure 18. Run 2 Compared to Run 1. . 
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Figure 19. Run 4 Compared to Run 1. 
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shown f o r  run numbers 1 through 4 ,  i t  appears t h a t  t hese  parameters (MT, P ~ N ,  
and ET) account f a i r l y  w e l l  f o r  changes i n  s l ice  weight and r o t o r  rpm. 
However, when t h e  da t a  from runs 8 and 9 are included, i t  becomes apparent  
t h a t  these  parameters do not  adequately account f o r  a change i n  incidence 
angle  s i n c e  t h e  primary d i f f e rence  between runs 1 t o  4 and runs 8 and 9 w a s  a 
change i n  incidence angle  from 23 t o  33 degrees. 

P l o t s  of s t r a i n  d a t a  versus  normal energy are shown i n  Figures  25 
through 28. The normal energy parameter (EN) appears t o  handle  v a r i a t i o n s  
i n  s l i ce  weight, r o t o r  rpm, and incidence angle  b e t t e r  than t h e  f i r s t  t h r e e  
parameters s tud ied ,  so  a d d i t i o n a l  e f f o r t  w a s  spent  t o  determine how w e l l  t h e  
s t r a i n  da t a  c o r r e l a t e s  wi th  EN. 
used t o  p l o t  s t r a i g h t  l i n e s  through t h e  d a t a  (and through t h e  o r i g i n ) .  The 
d i f f e rence  between the  curve f i t  and the  a c t u a l  da t a  w a s  then p l o t t e d  
aga ins t  normal energy. Fro& these  
p l o t s ,  i t  can be seen t h a t  t h e  s t r a i n  da t a  f a l l s  w i th in  ?I 20 percent  of a 
s t r a i g h t  l i n e  curve f i t  when t h e  low energy da ta  is  excluded. When t h e  
numerous p o s s i b i l i t i e s  f o r  e r r o r  are considered ( s t a i n  gage v a r i a t i o n s ,  
e r r o r s  i n  s t r a i n  gage readout,  e t c . ) ,  t h i s  type of c o r r e l a t i o n  i s  encouraging. 

A least  squares  curve f i t t i n g  r o u t i n e  w a s  

This  is  shown i n  Figures  29 and 30. 

Based on t h e  success  of t h e  normal energy parameter i n  c o r r e l a t i n g  t h e  
s t r a i n  da t a ,  ca l cu la t ions  w e r e  made us ing  t h e  normal f o r c e  parameter which 
accounts f o r  b i r d  diameter as w e l l  as s l ice  weight. 
aga ins t  f i r s t  peak s t r a i n  d a t a  wi th  t h e  r e s u l t i n g  p l o t s  shown i n  Figures  31 
through 34.  A s t r a i g h t  l i n e  curve f i t  w a s  made without fo rc ing  the  d a t a  t o  
pass  through the  o r ig in .  This w a s  done on t h e  assumption t h a t  t h e  normal 
f o r c e  does not  account f o r  a l l  t he  fo rces  which produce s t r a i n  i n  t h e  blade.  
The d i f f e rence  between t h e  a c t u a l  d a t a  and t h e  curve f i t  i s  shown i n  Figure 
35. This i n d i c a t e s  t h a t  t h e  s t r a i n  da t a ,  i n  genera l ,  can be made t o  conform 
t o  a s t r a i g h t  l i n e  when p l o t t e d  aga ins t  normal f o r c e  when t h i s  l i n e  is  not  
forced t o  pass  through the  o r ig in .  
€ o r  the  da t a  not  passing through t h e  o r ig in :  

These da t a  w e r e  p l o t t e d  

There are several poss ib l e  explanat ions 

e There i s . a  chordwise fo rce  no t  accounted f o r  i n  the  normal f o r c e  
parameter. 

e Not a l l  of t h e  energy from impact is absorbed by the  blade.  Some 
is d i s s i p a t e d  as hea t  energy and i n  deformation of t h e  RTV b i r d .  

I n  summary, i t  appears t h a t  based on the  da t a  obtained i n  t h i s  test 
series, the  t o t a l  momentum (MT), t he  normal momentum (MN), and t h e  t rans-  
f e r r e d  energy (ET) do no t  c o r r e l a t e  t h e  s t r a i n  d a t a  when changes i n  incidence 
angle  must be considered. The l o c a l  energy (EN) and normal f o r c e  (FN), how- 
ever do account f o r  changes i n  b i r d  s l ice  weight, relative v e l o c i t y ,  and 
incidence angle  f o r  t h e  same percent  span. Fur ther  s t u d i e s  of t h e  normal 
f o r c e  parameter (FN) brought some a d d i t i o n a l  i n s i g h t  i d t o  t h e  impact process.  
Though t h e  d a t a  appears t o  vary  i n  a l inear manner wi th  normal f o r c e ,  i t  is 
apparent t h a t  t h e  normal f o r c e  is  no t  t he  only f a c t o r  a f f e c t i n g  the s t r a i n  
levels recorded. I n  order  t o  completely descr ibe  t h e  impact, more informa- 
t i o n  has t o  be made a v a i l a b l e  on t h e  a d d i t i o n a l  fo rces  t h a t  ar'e involved. 
The usefulness  of e i t h e r  t h e  l o c a l  energy o r  the  normal f o r c e  parameters 
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is t o  al low t h e  s t r a i n s  measured i n  low level impacts t o  be ex t rapola ted  t o  
higher  impact l e v e l s  and s o  t o  p red ic t  t h e  damage p o s s i b i l i t y ,  and t o  select 
p o t e n t i a l l y  severe  impac t  s i t u a t i o n s  when new blade designs are being con- 
s idered .  The Gormal f o r c e  parameter can a l s o  be used as a base l ine  approach 
t o  a n a l y t i c a l l y  modeling t h e  b i rd /b lade  in t e rac t ion .  

3 . 4 . 3  Spectrum Analysis 

To ob ta in  information on t h e  frequency and r e l a t i v e  amplitude of the  
frequency response exhib i ted  by a composite blade immediately following 
impact, a spectrum ana lys i s  w a s  c a r r i e d  out  on t h e  s t r a i n  gage response of 
two s t r a i n  gages (numbers 3 and 4, see Figure 10) .  The s t ra in  gage response 
w a s  obtained from the  impact of QP014 at  75 percent span by a 14 gram (0.49 
ounce) RTV b i r d  a t  an incidence angle  of 33 degrees with a r o t o r  speed of 
3200 rpm (Run No.  8 ) .  S t r a i n  gage numbers 3 and 4 w e r e  chosen s ince  they 
were loca ted  near  the  impact, and one gage (No. 3 )  measured s t r a i n s  i n  the  
chordal d i r e c t i o n  while t he  o the r  s t r a i n  gage (No.  4) measured s t r a i n s  i n  
the  r a d i a l  d i r ec t ion .  

The response of s t r a i n  gage No. 3 a t  impact and up t o  0.05 seconds 
a f t e r  impact is  shown i n  Figure 3 6 .  From t h i s  f i gu re ,  i t  can be seen t h a t  
t h e  i n i t i a l  response is  of high amplitude and r e l a t i v e l y  high frequency 
which, a f t e r  approximately 0.015 second, has  become a s teady 280 Hz response 
corresponding t o  the  f i r s t  t o r s i o n a l  frequency of t h i s  blade. Also, note  
t h a t  the  s t r a i n  amplitude has decayed t o  10 percent of t he  i n i t i a l  value 
a f t e r  about 0 . 0 3 8  second. Figure 37 shows t h e  r e l a t i v e  amplitudes of 
f requencies  between zero and 10,000 Hz f o r  t h i s  f i r s t  0.05 second of t he  
response. From t h i s  curve, i t  can be seen t h a t  t h e  cont r ibu t ion  from 
frequencies  above 4000 Hz i s  neg l ig ib l e .  
f requencies  between zero and 2500 Hz (Figure 3 8 ) ,  t he  th ree  major frequen- 
c i e s  are approximately 280 Hz, and 1157 Hz. Evaluation of t he  f i r s t  0.0125 
seconds of gage response a f t e r  impact produced t h e  curve shown i n  Figure 
3 9 .  From t h i s  curve, s e v e r a l  observat ions can be made. I n  comparison t o  
t h e  longer (0.05 second) t i m e  span, i t  appears t h a t  t he  same frequencies  
are present  but  t h a t  t h e  r e l a t i v e  amplitudes have changed with a s h i f t  
towards the  higher  f requencies .  
second produced the  spectrum shown i n  Figure 40. This curve r evea l s  t h a t  
although the  lower f requencies  are s t i l l  present ,  t he  predominant frequency 
i n  regard t o  amplitude is  now about 1150 Hz. 

Looking a t  t h e  amplitudes of 

A f u r t h e r  reduct ion i n  t i m e  span t o  0.006 

The response of s t r a i n  gage No. 4 w a s  evaluated i n  a manner s i m i l a r  t o  
t h e  eva lua t ion  of s t r a i n  gage No. 3. Figure 41 shows t h e  s t r a i n  gage 
response f o r  t h e  f i r s t  0.05 second a f t e r  impact. Again, as with s t r a i n  gage 
No. 3 ,  t he re  is an i n i t i a l  high amplitude response which quickly decays t o  a 
lower amplitude response. Looking a t  t h e  amplitudes of t h e  frequencies  
between zero and 10,000 Hz (Figure 42), t h e  cont r ibu t ion  from frequencies  
above 4000 Hz again i s  negl ig ib le .  An eva lua t ion  of t he  frequencies  between 
zero  and 2500 Hz (Figure 43) r evea l s  t h a t  t he  primary response frequencies  are 
80, 180, (corresponding approximately t o  the  f i r s t  and second' f l e x u r a l  
f requencies  of t he  b lade) ,  3 4 0 ,  1140, and 2400. Evaluation of t he  frequency 
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spectrum obtained from the first 0.0125 second of the impact response (Figure 
43) shows the two predominant frequencies to be 340 Hz and 1140 Hz with the 
higher frequency (2400 Hz) still present. The spectrum from the first 0.006 
secorPds of the impact (Figure 44) indicates the primary dominance, over this 
initial time span, of the 1140 Hz response with the 340 Hz and 2400 Hz 
frequencies still making a significant contribution. 

In summary, the following observations may be made: 

For the longer time span (0.05 second), the impact response 
spectrum is composed primarilt of the fundamental blade frequen- 
cies (first and second flexural for the radial gage No. 3 and 
first torsional for the chordal gage No. 4) along with a higher 
frequency (approximately 1150 Hz). 

As decreasing time spans (0.0125 and 0.006 second) closer to the 
impact time are -evaluated, the fundamental frequencies decrease 
in amplitude and the higher frequency (approximately 1150 Hz) 
becomes predominant. 

For both strain gages No. 3 and No. 4, the contribution from 
frequencies above 4000 Hz is negligible. 

In terms of blade design for impact, these results indicate that 
any impact stress analysis must be capable of including blade 
frequencies much higher than the first few blade natural frequen- 
cies. 

3.4.4 Test Data Comparison to Analysis 

The QCSEE composite fan blade was analyzed using a parametric, 3-D, 
finite element, eigenvalue, and thermal stress computer program named PARA- 

-EXGO The program accounts for the inertial forces of rotation and 
vibration. In addition, the stiffening effect of rotation is taken into 
account. The program has the capability of giving directly the first eight 
modes, frequencies, and corresponding stress for a specified speed of rota- 
tion as well as the deflections and stresses in both stationary and rotating- 
bodies. The program uses an eight-noded box element (Figure46) to build 
up the stiffness and mass characteristics by Gaussian integration (Figure 
47). 
motions of each of the eight nodes; and nine internally eliminated to mini- 
mize strain energy. The program can handle 3-D-anisotropic material proper- 
ties with the blade root restrained by both friction and springs and loads 
being applied by either distributed pressures or point forces. 

Each box has 33 degrees-of-freedom: 24 corresponding to the three 

The dynamic impact analysis of the QCSEE composite blade model (Figure 
48) was performed using the frequencies, mode shapes, and relative stress 
distributions from the 3-D finite element program in Combination with a 
recently programmed dynamic impact response computer program.. This program 

62 



-<  

0 

63 



0 

I 

64 

E 
2 
c, 
0 
a, a 
m 

0 



6 

2 

Figure 46. Isoparametric Representation of an Eight-Noded 
Element 

65 



Node 

Gauss Point 

a >  Isoparametric Space 

Y 

b) Cartesian Space 

Figure 47. Gaussian Integration of Eight-Noded Box Element, 
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was generated to consider a lumped mass, spring-damper system applied at 
the nodal points of the blade. The mass traverses the blade chord along 
the "bird wipe line" as shown in Figure 49. 
interaction loads between bird and blade versus time, as shown in Figure 

This analysis determines the 

50. 

Analytical predictions of impact strain versus time for run numbers 1, 

A comparison of the waveforms obtained from analysis and 
5, and 8 were made using the PARA-TAMP-EIG finite element computer program 
(see Appendix I). 
test data far run No. 1 is show in Figure 51. The following observations can 
be made from this comparison: 

e The analytical response compares favorably with the test data for 
the initial peaks. 

e The analytical model does not appear to damp out the strain 
levels when compared to the test data. 

3.4.4.1 Analytical and Test Peak Strain Comparison 

A comparison was made between strain data recorded during impact and 
analytical data obtained from the finite element computer program for the 
following cases: 

Slice 
Run No. Blade Type % Span Wt (gm) rpm Incidence Angle 

1 QCSEE . 75 16 3200 23 O 

5 QCSEE 37 18 3202 40 O 
c 

8 QCSEE 75 14 3200 33" 

Figure 10 shows the finite element model used in the analysis and the 
strain gage locations/type (radial or chordal). 
impact force versus time curve was used for all runs. 
the comparison w a s  the first peak which occurred immediately following 
impact. 
minus test strain divided by maximum test strain for each strain gage. 
This is shown in Figure 52 for runs 1 and 8 and in Figure 53 for run 5. 

The same bird model and 
The data utilized in 

For ease of comparison, the data was plotted as analytical strain 

From Figure 52, it can be seen that, in geqeral, the analytical and 
test data agree within +25 percent and -12 percent. The largest error 
occurred at gage location number 12 for both run 1 and run 8. 
reason for this larger error at: this location is the relatively coarse 
finite element model in the root area of the blade, 

One possible 
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Figure 51, Analyt ica l  Predict ions  Versus Test ;  Run 1 ,  Baseline Impact, 75% Span, 
16 gram S l i c e ,  a t  3200. rpm. 
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The analytical versus test strain comparison for run number 5, shown in 
Figure 53, exhibits somewhat poorer agreement than for runs 1 and 8 .  This 
is a result of the fact that the impact occurred at 37 percent span, while 
the same bird properties (spring constant and damping characteristics) were 
used as had been used for the impacts at 75 percent span. 

In summary9 the comparison has shown good correlation between analytical 
strain and measured strain for the impacts and strain locations studied. In 
addition, it appears that with some additional work on the bird modeling 
even better agreement may be obtained between analytical and test data. 



4.0 IMPROVED INPACT RESISTANT BLADES 

The objective of this phase of the program was to investigate the 
effectiveness of various material combinations and layup configurations on 
the improvement of FOD resistance of composite blades. 
plished through the design of the internal configuration, fabrication, and 
testing of a series of four fan blades. 

This was accom- 

Each of the blades was different in material and/or laminate design. 
Selection of design features was based on the results of specimen testing of 
various materials and layup configurations which was conducted. All blades 
were designed to meet frequency, stability, and strength criteria required for 
satisfactory QCSEE engine operation. 
in Reference 2. 

These criteria are discussed in detail 

One blade of each of the four designs was fabricated. The tooling for 
molding these blades was the same tooling as that used for the QCSEE variable- 
pitch fan blades (Reference 3 ) .  

Blade quality was verified by a combination of quality control of 
materials and processes combined with nondestructive inspection of the 
finished blades, including frequency checks. Each of the four blades was 
then impact tested in the Whirligig facility. 
the same object slice size, incidence angle, and relative velocity. 

All blades were tested using 

One existing QCSEE blade was modified to incorporate a pin root design. 
The effect of this attachment on impact resistance was also tested in the 
Whirligig 
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4 . 1  MATERIALS SELECTION 

A s  p a r t  of t h e  development of improved impact r e s i s t a n t  b lades ,  it is 
necessary t o  assess va r ious  composite systems and laminate conf igura t ions .  
It w a s  t h e  purpose of t h i s  p o r t i o n  of t h e  program t o  f a b r i c a t e  and test  a 
series of composite specimens t o  e s t a b l i s h  t h e  advantages of d i f f e r e n t  
laminate conf igura t ions  and material combinations. 
as a screening  t o o l  f o r  eva lua t ing  and determining what material combinations 
and layup conf igu ra t ions  w e r e  t o  be used f o r  f a b r i c a t i o n  of t h e  improved 
composite f a n  blades.  I n  add i t ion ,  i f  necessary,  specimens were f a b r i c a t e d  
and t e s t e d  t o  provide d a t a  f o r  t h e  a c t u a l  materials, p ly  conf igu ra t ions ,  and 
processes used i n  each composite b lade  f a b r i c a t e d  and impact t e s t e d .  For each 
material o r  p ly  combination, t e s t i n g  cons i s t ed  of two tests each of s h o r t  beam 
shear ,  f l a t w i s e  t e n s i l e  and charpy impact. 

Q 

T e s t  specimens w e r e  used 

An a d d i t i o n a l  p a r t  of t h i s  e f f o r t  w a s  t o  eva lua te  f a b r i c a t i o n  processes 
as they relate t o  t h e  mechanical p r o p e r t i e s  of f a b r i c a t e d  p a r t s .  To accom- 
p l i s h  t h i s ,  specimens were taken from a c t u a l  blades a f t e r  impact test  and 
subjec ted  t o  test. This  permit ted assessment of t h e  p r o p e r t i e s  achieved 
under t h e  a c t u a l  condi t ions  of molding temperature, t i m e ,  and p res su re  
from a b lade  relative t o  p r o p e r t i e s  from s i m p l e  panels.  

Figure 54 p resen t s  a drawing of t h e  conf igura t ions  used f o r  t h e  test  
specimens. 
a s i n g l e  f l a t  molded panel. These test  panels w e r e  2.54 cm x 22.9 cm x 1.0 
cm ( l  i n .  X 9 in .  x . 4  i n . )  in s i z e  and w e r e  molded using t h e  same schedule 
used on blades.  This involves two hours a t  110" C (230" F) and one hour a t  
l 7 7 O  C. (350" F).  

For each ma te r i a l /p ly  combination, a l l  specimens w e r e  cu t  from 

Specimens f o r  l o n g i t u d i n a l  s h o r t  beam shear  s t r e n g t h ,  f l a t w i s e  t e n s i l e  
s t r e n g t h ,  and charpy impact s t r e n g t h  w e r e  machined from the  panels in, 
accordance wi th  Figure 55. 
panels corresponds t o  t h e  r a d i a l  d i r e c t i o n  i n  a blade.  
samble w a s  taken from each panel f o r  chemical ana lys i s .  
p roper ty  tests were conducted a t  room temperature. 

In  genera l ,  t h e  long i tud ina l  d i r e c t i o n  i n  the  
I n  add i t ion ,  a 
The mechanical 

S ix  conf igura t ions  were i n i t i a l l y  i d e n t i f i e d  f o r  test panel eva lua t ion .  
The bas i c  material combinations used i n  these  conf igura t ions  are l i s t e d  i n  
Table V I I I .  The o r i e n t a t i o n  of t h e  respective p l i e s  is  r e p r e s e n t a t i v e  of 
t h e  t i p  p o r t i o n  of QCSEE-type composite blades.  Figure 56 p resen t s  t h e  
d e t a i l e d  p ly  layups used f o r  two t y p i c a l  panels.  The fayups were s e l e c t e d  
because they r ep resen t  a c ross -sec t ion  of t h e  sFate of t h e  a r t  f o r  cu r ren t  
composite b lade  use. 

Panel  1 s imula tes  t h e  conf igu ra t ion  of t he  pre l iminary  QCSEE blades  
discussed i n  Sec t ion  3.1. Panel  2 is  t h e  same as Panel  1 except t h e  AU- 
t ype  g r a p h i t e  is rep laced  by AS-type g raph i t e ;  t h i s  conf igura t ion  s imula tes  
t h e  the  QCSEE engine b lades  repor ted  i n  Reference 2. 
as Panel  2 except t h e  Kevlar material w a s  replaced by 
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Figure 55. T e s t  Specimen Location i n  Molded Panel. 

Longitudinal 
Radial  
Direct  ion  
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T e s t  Panel Specimen Location: 

A = F l a t w i s e  Tens i le  

B = Charpy Impact 

C = Shor t  Beam Shear 

D = Chemical Analysis  

E = Extra  Material 
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Panel  4 is d i f f e r e n t  i n  th ree  ways from the  f i r s t  t h ree  panels.  T h e .  
layup o r i e n t a t i o n  i s  k 0" k 35" i n s t e a d  of f 0' k 4 5 " ,  t h e  p l i e s  are 0.05 cm 
(20 mi ls )  t h i c k  i n s t e a d  of 0.025 c m  (10 mi l s )  t h i ck ,  and t h e  material i s  an 
i n t r a p l y  o r  s t r i p e d  hybrid.  
included i n  the  same ply.  On t h e  o the r  hand, i n  Panels  1, 2 ,  and 3 ,  each 
p ly  is e i t h e r  a l l  g raph i t e ,  a l l  Kevlar o r  all S-glass ( i n t e r p l y  hybr id) .  All 
t h e  i n t r a p l y  material used w a s  80 percent  g raph i t e  and 20 percent  S-glass by 
f i b e r  volume. 

I n t r a p l y  hybrids  have both AS and S-glass 

Panel 4 had no boron p l i e s  on t h e  outs ide ,  whi le  Panel 5 had boron p l i e s  
a t  k 45" or ien tak ion .  
t o  meet blade n a t u r a l  frequency requirements.  Panel  6 w a s  t he  same as 
Panel  4 except an a l t e r n a t e  g raph i t e  (T300) replaced t h e  AS material. 

In a c t u a l  blades,  boron is sometimes required 

Table I X  p re sen t s  t he  r e s u l t s  of t h e  tests. There appeared t o  be no 
s i g n i f i c a n t  d i f f e rences  i n  the  f l a twi se  t e n s i l e  p r o p e r t i e s  of all s i x  con- 
f igu ra t ions .  The daqa from f i v e  of the  conf igura t ions  w e r e  within 2 . 5  
percent ;  23 MN/m2 (3380 p s i ) .  
hand, showed a range t'rom 27.6 MN/m2 (4010 p s i )  t o  7 4 . 0  MN/rn2 ( 1 0 , 7 3 0  p s i ) .  
The replacement of Low s h e a r  type AU graphi te  i n  P a n e l  1 w i t 1 1  t ype  AS i n  
conf igura t ion  2 showed no e f f e c t  on the. shear  s t r c n g t - h  of the <-rvcrnl 1 
composites. Examination of  the s p e c i m e n s  revealed tha t ,  i n  b o t h  <'asr:j 
f a i l u r e  occurred i n  t l i t l  l o w  nhc.ar s t rengri i  Kev I.ar plitis. C o n f  igiiraticrns 4 ,  
5 ,  arid 6 produced tlie IiigIwst shear v a l l i e s .  'i'hesc~ material:., averaged t 30 
percent  g r e a t e r  s t r eng th  t h ; i i i  the F i r s t  t w o  c:t)nf igura t ions .  

Short-beam shear s t r e n g t h s ,  on t h e  other  

T h e r e  appear t o  1 - t ~  I I O  di F f e r t . n c * c a s  in  t h e  < .? \ ; i rpy  impact t ~ x t  I):inc'I c i t l t .1  

hetween ( h i i f  iguriit i oris 1 a i i c i  2 ;is H ws1i 1 t- c t f  <*iiang i ng t t i r .  grnph i t e  f i i1c.r 
f roiii u n t r r i i t c d  t y p e  AI1 L o  s ( I r ra (  c - t r t n t e d  t y p f :  ,IS. I31)cl1 pdnc.1.; l*ont'iinoJ 
;ip~)roxirnnt(.ly tiira smw r i twr v<~Iumc r;itio o r  5 percc'nt h<>i-tin, .?i per 
K P V  1;ir. ani1 2f) pt'rcmiL gr: iphi . t~.  ( : o l i C  i f iur i i t  i on  7, wt i i c .h  ! lad an  i n t e r -  
nc-dintc slirar s t  rengili o f  ',I . 0 MN/m2 (7400 p s i )  had thr. tiighest. c,!iarpy 
Lmpact s t r cng t t i  a l l  L h c l  c.iindidat.cs with a v ; t luc  o r  3'3.9 N-m ( 2 9 . 4  f t -  
l t r ) *  ' l ' l i i s  caii b e  aLt r i i ) i i t c -d  to t l i e  Iiigh percent:ig:t. of S-glass  i n  ;he 
composi ie ( 2 6 . 4  percent). I:Iirtlicrmcire, with S-glass having a rat t ier  tiigti 
s p e c i f i c  gravi t y  ( 2 .  [+O g/cin3) , the Configuration 3 panel had the  highest  
dens i ty  o f  the  c.;indid,ites (1.777 g/cmq) a 

which c o n s t i t u t e  the "high sbear" materials, had charpy impact s t r e n g t h s  of 
around 2 7 . 1  N-m (20 f t - l b ) .  The volume of S-glass f i b e r  i n  these  configu- 
r a t i o n s  remained f a i r l y  cons tan t ,  11.7 k 1.0 percent ,  Figure 56 presents  
t h e  short-beam shear  and charpy da ta  f o r  a l l  s i x  conf igura t ions  i n  g raph ica l  
form. Figures  58 through 63 present  photos of t h e  c ros s  s e c t i o n  of each 

The remaining th ree  systems, 

panel.  

A t  t h e  conclusion 
made: 

1. The f l a t w i s e  
equal.  

of t h i s  test series, the  

tensi le  s t r eng ths  of a l l  

fol lowing conclusions were 

panels  w a s  e s s e n t i a l l y  

. .  
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2. The panels  containing Kevlar produced low short-beam.shear and 
charpy va lues  relative t o  t h e  panels  conta in ing  S-glass. 

3.  Replacing t h e  unt rea ted  g r a p h i t e  (AU) with  sur face- t rea ted  g raph i t e  
(AS) d i d  no t  improve short-beam shea r  o r  charpy va lues  when 
Kevlar w a s  p resent ;  t h e  Kevlar being t h e  weak l ink .  

4 .  The i n t r a p l y  hybrid panels  ( 4 ,  5 ,  6 )  having a k 0" k 35" orien-  
t a t i o n  have h igher  short-beam shear  va lues  than  t h e  comparable 
i n t e r p l y  hybrid pane l  ( 3 )  having fr 0" k 45" o r i e n t a t i o n .  This  
is  probably due t o  t h e  lower p ly  o r i e n t a t i o n  angle.  

The panel  w i th  a high percentage of S-glass had t h e  h ighes t  
charpy value.  

5 .  

6 .  A l l  t h r e e  of t h e  i n t r a p l y  panels  h a d ' e s s e n t i a l l y  the  same pro- 
p e r t i e s .  

Based on t h e  above conclusions and o t h e r  ongoing s t u d i e s ,  a d d i t i o n a l  
panel  tests were conducted. 

1. Panel  7 AS/S-glass pane l  r ep resen ta t ive  of AS/S-glass i n t e r p l y  
p lus  boron wi th  k 0" k 45" o r i e n t a t i o n  having 20% S-glass p l i e s  
(versus  45% f o r  Panel  3 )  (Figure 64). 

Panel  8; AS/S-glass panel  as above with k 0" k 35" o r i e n t a t i o n .  
This  panel  o f f e r s  a d i r e c t  comparison t o  Panel  5 r e l a t i v e  t o  
i n t e r p l y  versus  i n t r a p l y  material (Figure 6 5 ) .  

2. 

These panels  had short-beam shear  s t r e n g t h s  of 41.4 MN/m2 (6000 p s i )  
and 46.2 MN/m2 (6700 p s i ) ,  r e spec t ive ly ,  which compare t o  previously t e s t e d  
va lues  of 51.0 blN/m2 (7400 p s i )  f o r  a k 0" k 45" panel  wi th  a h igher  per- 
centage of S-glass (Panel 3 )  and 68.8 MN/m2 (10,000 p s i )  f o r  80 AS/20 S- 
g l a s s  panels  ( 4 ,  5 ,  and 6 )  which w e r e  otherwise similar t o  t h e  cu r ren t  
panels  . 

From t h e  r e s u l t s  of t hese  two panel  tests, t h e  fol lowing conclusions 
were drawn: 

e Reducing the  amount of S-glass i n  Panel  7 re lat ive t o  Panel  3 
r e s u l t e d  i n  a 19 percent  l o s s  i n  short-beam shear  s t r eng th .  

B The i n t e r p l y  pane l  had 32 percent  lower short-beam shear  s t r e n g t h  
than  t h e  s i m i l a r  i n t r a p l y  panel.  
i n  t h e  remainder of t h e  program w a s  placed on t h e  i n t r a p l y  
material. 

For t h i s  reason,  more emphasis 

A wedge-shaped panel  r ep resen ta t ive  of t h e  b lade  leading  edge region 
w a s  f ab r i ca t ed  t o  eva lua te  t h e  e f f e c t  of p lac ing  an  adhesive l a y e r  down t h e  
c e n t e r  of t he  lay-up, F igure  66. The ob jec t ive  of t h i s  s tudy w a s  t o  use 
t h e  adhesive t o  f i l l  i n  t h e  t r i a n g u l a r  reg ions  a t  t h e  ends of t h e  p l i e s  
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Figure 66. AF126 qdhesive Panel 
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which e x i s t  i n  an a c t u a l  b lade  and thereby t o  p o t e n t i a l l y  improve t h e  shear  
s t r e n g t h  a t  t h i s  l oca t ion .  Short-beam shear  specimens w e r e  t e s t e d  a t  an 
L/d r a t i o  of 5: l .  The d a t a  showed no improvement i n  shea r  s t r e n g t h  by 
us ing  t h e  AF126 l aye r ;  however, examination of t he  specimens revealed t h a t  
f a i l u f e s  occurred i n  t h e  ou te r  p l i e s  and not  t he  cen te r .  
of a t e n s i l e  na tu re  r a t h e r  than  shear.  Addi t iona l  specimens were then 
t e s t e d  using L/d  r a t i o s  of 3 : l  and 2:l.  
3 : l  and examining t h e  specimen, t h e  f a i l u r e  mode w a s  s t i l l  t e n s i l e .  The 
remaining specimens were then  t e s t e d  at  2:l. 
along t h e  cen te r  p lane  and no d i f f e rences  were noted i n  test d a t a  va lues .  
In add i t ion ,  due t o  t h e  tapered na tu re  of t h e  specimens, t e s t i n g  of t h e  
specimens i n  t h e  short-beam shea r  s e tup  w a s  d i f f i c u l t  because t h e  pane l  
tended t o  s l i d e  when t h e  load w a s  appl ied .  
ties, i t  w a s  not poss ib l e  t o  reach any d e f i n i t e  conclusions relative t o  t h e  
adhesive core  panel.  
by t h i s  technique might o f f e r  some advantages. 

The f a i l u r e s  were 

Af t e r  t e s t i n g  a s i n g l e  specimen a t  

S t i l l ,  f a i l u r e  d i d  not occur 

In  view of t h e  above d i f f i c u l -  

I n  an a c t u a l  b lade  wi th  a complex molding, improvement 

A tes t  pane l  w a s  a l s o ' f a b r i c a t e d  t o  eva lua te  chordwise shear  p r o p e r t i e s  
wi th  p ly  "shingling" angles  of 5, 10, and 15 degrees. The theory being 
t h a t  i f  t h e  p l i e s  run across  t h e  n e u t r a l  a x i s ,  t h e  shear  s t r e n g t h  should be 
improved over t h e  case where t h e  p l i e s  run paral le l  t o  t h e  n e u t r a l  a x i s .  
Two short-beam shea r  specimens a t  each angle  were machined and t e s t e d  a t  
room temperature using a 5:1 L/d r a t i o .  Like t h e  tapered panels ,  t hese  
specimens f a i l e d  i n  bending i n s t e a d  of shear .  I n  order  t o  so lve  t h i s  test 
problem, more specimens were f a b r i c a t e d  wi th  r e in fo rc ing  ou te r  p l i e s  t o  
improve t h e  bending s t r eng th .  Figure 67 shows a ske tch  of t hese  panels.  
Resul t s  of t h e  tests are as follows: 

Shear S t rength  
Angle m/m2 ( p s i )  

0" 60.0 8700 

. .  
,- -.. ." . 
.'? 

'. .. 
. .  . .- 

% : . -  
:. ._ . 

5" 
10" 

15 O 

62.1 9000 

55.8 8100 

58.6 8500 

These r e s u l t s  show t h a t  sh ingled  angles  do not  s i g n i f i c a n t l y  decrease o r  
inc rease  t h e  shear  s t r e n g t h  of f l a t  panels.  Shingled p l i e s  however, may 
o f f e r  t he  p o t e n t i a l  f o r  improved b lade  s t r e n g t h  by e l imina t ing  t h e  p o t e n t i a l l y  
weak cen te r  p ly  ends c h a r a c t e r i s t i c  of convent ional  b lade  layups. 

Following impact t e s t i n g  of t h e  f o u r  blades f a b r i c a t e d  from s e l e c t e d  
material conf igura t ions  described i n  Sec t ion  4.5, two blades were sec t ioned  
and short-beam shear  and f l a t w i s e  t e n s i l e  specimens were obtained. The 
specimens w e r e  obtained from an undamaged area of t h e  b lade  about fou r  
inches above t h e  o u t s e r t  near  t h e  cen te r  of t h e  blade. Table X shows a 
comparison of t h e  va lues  from the  o r i g i n a l  panel d a t a  and t h e  specimens 
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taken from the blades. As can be seen, the specimens obtained from the 
blade exhibited as good, or better, flatwise tensile and short-beam shear 
strengths as the panels. This result shows that the material properties in 
a complex molded blade are as good as a simple panel in the location where 
the blade specimens were obtained. 

- 5  ..> ,.i Table X. Blade/Pamel Material Property Comparison. ..q 

Short-Beam Shear Flatwise Tensile 
m/m2 (psi) m/m2 (psi) 

Blade Panel Blade Panel ' Blade 

PQPOO3 68.2 86.9 23.3 27.7 
(9890) (12,800) (3380) (4020) 

- _  
. A  .I. _-. PQP006 
- .  

68.2 86.9 23.3 22.3 
(9890) (12,800) (3380) (3230) 

4.2 BLADE DESIGN c- _.  
"i 

4.2.1 Pin Root Blade Design 

One of the objectives of the program was to design and test a blade 
with a pinned root attachment and to determine if a blade with such an 
attachment offered improvement in its resistance to foreign object damage. 

A pinned root blade would be expected to provide an advantage in 
foreign object damage resistance since the blade attachment would have 
less frictional moment resistance to rotation because of the small pin 
diameter as compared to the relatively large diameter of the outsert used 
om blades with keyhole type attachment. 
the large contact forces on a keyhole outsert have the potential of restrict- 
ing rotation of the outsert to such an extent that the blade bending stresses 
in the root of the blade might exceed the blade's strength and result in 
fracture or delamination. Another advantage of a pin root attachment is 
that with special "tuning" the blade's first flexural frequency can be 
designed to vary proportionally to the blade's speed thus avoiding first 
flexural frequency crossover of the l/rev line. 
crossover of this engine excitation condition can sometimes restrict operational 
capabilities. 

Under high centrifugal loading, 

First flexural frequency 

The pin root attachment hardware design is shown in Ffgures 68 through 
71 and is shown installed on a QCSEE blade in Figures 72 and 73. The 
attachment consists of a titanium slotted hub which encompasses the composite 
blade's dovetail and extends radially inward to connect with a clevis and 
pin attachment. The hub contains two slots which match two clevis lugs 
attached to a trunnion which extends through the disk. 
Pugs in the hub. 

This provides three 
A 2.22 cm (7/8 inch) diameter pin provides the load 
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Figure 72. Pin Root Blade Parts.  N o t e :  Only One of the  Two Required 
S l o t s  has Been Machined i n  Blade Shown. 
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Figure 93.' Pin Root Blade Parts  and Assembled Blade. N o t e :  Only One of TWO 
Required S l o t s  has Been Machined on Unassembled Blade. 



t r a n s f e r  and locks  the  assembly toge ther .  
( 5 / 8  inch)  lock  nut.  

The p i n  is  re t a ined  by a 1.59 cm 

Blade r a d i a l  loading in t roduces  l a r g e  la te ra l  o r  t r ansve r se  loading i n  
t h e  doveta i l .  
down each of t h e  t h r e e  lugs  on t h e  hub and two s teel  i n t e r n a l  t i e  ba r s  
which f i t  i n  t h e  two s l o t s  i n  the  hub, immediately above the  t runnion 
clevis lugs.  The blade is s l o t t e d  up through the  d o v e t a i l  t o  provide 
c learance  f o r  the two t i e  bars .  
blade,  t ie rods,  and hub is i n t e g r a l l y  bonded toge ther .  When f i t t e d  toge ther  
wi th  t h e  t runnion clevis, pin,  and lock  nut ,  t he  b lade  and t i e  rods become 
doubly secured and cannot s epa ra t e ,  even i n  the  event of a debond. 

This  is counteracted by a combination of r i b s  which extend 

The attachment assembly cons i s t ing  of 

The des ign  is based on using a b lade  with t h e  conf igura t ion  of t h e  
QCSEE.design molded b lade  (Reference 2) with  t h e  d o v e t a i l  machined t o  
accommodate t h e  p i n  r o o t  attachment hardware. 
t h i s  conf igura t ion  has  a s l i g h t l y  g r e a t e r  width and chord length  than the  
QCSEE blade  and has two 0.95 c m  ( 3 / 8  inch)  wide long i tud ina l  s l o t s  extending 
from the  bottom of t h e  d o v e t a i l  upward approximately 3 . 2  cm (1-1/4 inch) .  
The g r e a t e r  width and chord length  of t h e  d o v e t a i l  r e s u l t  i n  t h e  s a m e  average 
opera t ing  stress levels as t h e  uns lo t t ed  QCSEE dove ta i l .  

The machined d o v e t a i l  f o r  

The t e s t e d  conf igura t ion  a c t u a l l y  cons is ted  of a machined QCSEE pre- 
l iminary b lade  (Reference 1) removing i ts  keyhole type o u t s e r t ,  and s l o t t i n g  
t h i s  t o  f i t  t he  attachment hardware. This  provided a somewhat s h o r t e r  chord 
length  and less d o v e t a i l  on the  attachment.  
acceptable  f o r  a demonstration tes t .  

Analysis showed t h a t  t h i s  w a s  

4.2.2 Improved Impact Res i s t an t  Blade Design 

I n  t h i s  p a r t  of t h e  program, fou r  QCSEE blades wi th  improved impact 
r e s i s t a n c e  w e r e  designed. 
blades w a s  used s i n c e  t h e  same d i e  w a s  used t o  mold t h e  blades.  The blades 
w e r e  designed t o  have acceptab le  frequency c h a r a c t e r i s t i c s  and weight. The 
candidate  f i b e r s  and t h e  selectea r e s i n  and t h e i r  p rope r t i e s  f o r  blade 
f a b r i c a t i o n  are shown i n  Table  X I .  . 

The same e x t e r n a l  geometry as the  QCSEE engine 

The fol lowing s p e c i f i c  cons idera t ions  w e r e  used i n  t h e  design of the  
blades : 

e From the  panel  tests discussed i n  Sect ion 4.1, t h e  Kevlar hybrid 
material w a s  e l iminated from cons idera t ion  due t o  low short-%eam 
shea r  and charpy va lues  relative to  t h e  S-glass hybrids.  

e Boron p l i e s  were necessary on t h e  ou t s ide  of t h e  blade t o  ob ta in  
s u f f i c i e n t l y  high f i r s t  t o r s i o n  frequency. 
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e From t h e  panel test r e s u l t s ,  t h e  i n t r a p l y  hybt ids  exh ib i t ed  
h igher  r a d i a l  i n t e r l amina r  shear s t r e n g t h  than  t h e  i n t e r p l y  
hybr ids  and were, the re fo re ,  considered t o  be t h e  favored 

.candidate material . 
Table XI1 p r e s e n t s  a summary of t h e  concepts considered. Configurat ion 

A i s  t h e  QCSEE engine b l ade  (Reference 2) and w a s  included f o r  r e fe rence  
only 

Configurat ion B is t h e  same as A except  t h e  Kevlar has  been replaced 
d i r e c t l y  wi th  S-glass. This  s u b s t i t u t i o n  r e s u l t s  i n  a shear  s t r e n g t h  
inc rease  of 85 percent  and a charpy impact i nc rease  of 45 percent over t he  
Configurat ion A. 

Configurat ion C u t i l i z e s  i n t r a p l y  material and t h e  s tandard  layup con- 
f i g u r a t i o n  similar t o  t h a t  used on t h e  F103 b lade  (Reference 3 ) .  A sche- 
matic comparison of t h e  QCSEE and standard layups is  shown i n  F i g u r e 7 4 .  
The layup o r i e n t a t k n  angles  w e r e  a l s o  changed t o  k Oo k 35" versus  t h e  k 
0" 2 45" layup o r i e n t a t i o n s  used on QCSEE. 

Configurat ion I) w a s  t h e  same as C except a 0.025 cm (0.010 i n . )  s t r i p  
of AF126 adhesive w a s  added along t h e  c e n t e r l i n e  of t h e  blade.  The objec- 
t ive of t h e  adhesive s t r i p  w a s  t o  improve t h e  shear s t r e n g t h  a t  t h e  cen te r  
where t h e  p l y  ends m e e t  and where t h e  shear stress is  h ighes t  under impact. 

Configurat ion E u ses  t h e  80 AS/20 S-glass i n t r a p l y  material l i k e  C and 
I) and t h e  QCSEE layup l i k e  B. 

Configurat ion F i s  similar t o  C bu t  uses  a "one-sided layup", shown i n  
Figure75 This type  layup would e l imina te  t h e  r e s in - r i ch  area a t  t h e  
c e n t e r  of t h e  blade; however,-warping and b lade  d i s t o r t i o n  might occur [due 
t o  thermal e f f e c t s ]  during b lade  molding. 

Configurat ion G is s i m i l a r  t o  F except t h e  p l i e s  would be "shingled" 
This b lade  might have even more severe OK r o t a t e d  as shown %n Figure  76. 

thermal problems than  F. 

Configurat ion H, as shown i n  F igure  77, has an i n t e g r a l  Titanium 
leading  edge spa r  which would t r a n s i t i o n  i n t o  a pin-root-type d o v e t a i l .  
The remainder of t h e  a i r f o i l  would be composite material. 
has been named the  TICOM concept. 
impac t  improvement. Manufacturing complexities,  howeveri made f a b r i c a t i o n  
of t h i s  b lade  beyond t h e  scope of t h i s  program. 

This conf igura t ion  
This  b lade  should o f f e r  s i g n i f i c a n t  

Af t e r  a d e t a i l e d  review of t he  above candida tes  inc luding  a l l  t h e  
v a r i a b l e s  l i s t e d  i n  Table X I I ,  Configurat ion B, C, D, and E were s e l e c t e d  
f o r  f a b r i c a t i o n  and impact t e s t i n g .  For manufacturing purposes, t hese  
b lades  w e r e  renamed PQPOO3, PQPOO4, PQPOO6, and PQPOO5, r e spec t ive ly .  The 
d e t a i l e d  layup sequence and materials f o r  each of t hese  blades are shown i n  
Figures 78 through 81. 
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Figure 76. S ingled Layup. 

109 



Figure 77. TICOM. 
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S e l e c t i o n  of t hese  b l ade  designs permit ted t h e  following thorough 
eva lua t ion  of several material and layup v a r i a t i o n s .  

e e PQPOO3 and PQPOO5 provided d i r e c t  comparison of t h e  i n t e r p l y  and 
i n t r a p l y  material i n  an  o therwise  i d e n t i c a l  layup. 

e PQPOO4 and PQPOO5 provided d i r e c t  comparison between t h e  s tandard  
layup and t h e  QCSEE layup us ing  t h e  same i n t r a p l y  material. 

0 PQPOO4 and PQPOO6 allowed eva lua t ion  of t h e  adhesive l a y e r  con- 
c e p t  i n  otherwise i d e n t i c a l  blades.  

4.3 BLADE FABRICATION 

To a s s u r e  product ion of h igh  q u a l i t y  blades,  a q u a l i t y  c o n t r o l  proce- 

A l l  t h e  materials used 
du re  w a s  establish.ed. The following paragraphs desc r ibe  t h e  methods used 
t o  a s s u r e  t h e  requi red  blade-to-blade consistency. 
w e r e  procured t o  General Electric s p e c i f i c a t i o n s .  

An e s t a b l i s h e d  q u a l i t y  c o n t r o l  p l an  f o r  i n spec t ing  incoming epoxy pre- 
pregs  a t  General Electric w a s  employed on a l l  materials procured under t h i s  
program. 
s e l e c t i n g  s a t i s f a c t o r y  prepreg material f o r  use  i n  composite b lade  molding 
activit ies , inc ludes  t h e  'following ope ra t ions  : 

This plan,  which e s t a b l i s h e s  t h e  requirements and methods f o r  

1. Checking inventory  of incoming material and vendor 's  c e r t i f i -  
c a t i o n s  f o r  completeness and repor ted  conformance t o  s p e c i f i -  
c a t i o n  requirements 

2. 

3. Visua l  i n spec t ion  of worlcmanship 

4. 

Logging i n  each l o t  and r o l l  rece ived  

Sampling of material and v e r i f i c a t i o n  of compliance wi th  spec i -  
f i c a t i o n  requirements,  inc luding  phys ica l  p r o p e r t i e s ,  r e a c t i v i t y ,  
and mechanical p r o p e r t i e s  of a molded panel from each combination 
of f i b e r  and r e s i n  ba t ch  

5. Handling, s to rage ,  and r e inspec t ion  of out-of-date materials 

6.  Dispos i t i on  of materials which f a i l  t o  m e e t  s p e c i f i c a t i o n  requi re -  
ments * 

Spec ia l  material p r o p e r t i e s  which w e r e  measured and compared t o  vendor- 
repor ted  d a t a  on each prepreg l o t  are given below: 
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Prepreg Data Laminate Data 

Fiber ,  g/m2 (Weight of f i b e r  pe r  

Resin, g/m2 (weight of resin p e r  

Solvent content  of prepreg, 

G e l  time, minutes a t  383 K (230O F) 

Flexure s t r e n g t h  a t  room t+mperature ,  

Flexure modulus a t  room temperature,  

Shear s t r e n g t h  a t  room temperature,  

F ibe r  content ,  volume % 

Resin content ,  volume % 

m2 of lamina a rea )  

m2 of lamina a rea )  

% weight 

394 K (250O F) 

394 K (250O F) 

394 K (250" F) 

Visual  d i screpancies  Voids, volume % 

Density, g/cm3 

The b a s i c  sequence of opera t ions  involved i n  molding the  QCSEE-type 
composite b lades  is ou t l ined  below: 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8. 
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Cut out  and l a y  up t h e  ind iv idua l  p l i e s .  

T h e  f u l l y  assembled mold t o o l  w a s  heated t o  t h e  prescr ibed 
temperature i n  the p res s  such t h a t  a l l  s e c t i o n s  of t h e  d i e  were 
maintained a t  a uniform temperature. 

The p r e s s  w a s  opened and release agent w a s  appl ied  t o  t h e  mold 
c a v i t y  su r faces  and any excess removed. 

The assembled b lade  preform w a s  loaded i n t o  the  heated mold 
cav i ty .  

The p r e s s  w a s  c losed a t . a  f a s t  approach speed u n t i l  t h e  top  and 
bottom por t ions  of t h e  mold engaged, 

An in te rmedia te  c los ing  speed w a s  s e l ec t ed  f o r  prel iminary 
debulking o f  t h e  b lade  preform. 

The d i e s  continued t o  c lose  a t  a p rese l ec t ed ,  slow rate. 
movement continued u n t i l  t he  d i e  w a s  c losed and the  prescr ibed  
molding load/pressure  a t t a ined .  Figure 82  shows a t y p i c a l  ra te  
of c losu re  and load app l i ca t ion  curve f o r  molding a composite 
b l ade  wi th  a g e l  t i m e  of 60 _+ 5 minutes a t  the  cons tan t  molding 
temperature 383 K (230' F). 

The 

The p r e s s  w a s  opened and the  blade molding w a s  r a p i d l y  t rans-  
f e r r e d  i n t o  t h e  pos tcure  oven, thus ,  prevent ing thermal contrac- 
t i o n  stresses from being set up i n  t h e  p a r t .  The b lade  w a s  
allowed t o  hang f r e e l y  i n  t h e  postcure oven f o r  t he  predetermined 
process  t i m e  necessary t o  achieve f u l l  material p rope r t i e s .  



Load, tons  Distance off  Stops,  in .  
C 3 0 , ~ " O O  u ) m a % E  
m a r l  . - I d 0  0 0  

0 

7 
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After removing the blades from the postcure oven and trimming the 
resin flash, the following inspection operations were carried out: 

1. Measurement and recording of molded weight, volume, and density. 

2. Recording of surface defects in sketch form and by photographs 
taken of both sides of the blade. 

Dimensional inspection and recording of the root and tip maximum 
dimensions. 

3. 

Although the blade form'was molded well within the desired envelope 
tolerances, it was extremely difficult to mold the dovetail profile to the 
accuracy required. As a result, dovetail profiles were final machined to 
size. 
the blades. 
listed below: 

A nickle plate leading edge protection system was also applied to 
The principal finishing operations performed on the blades are 

1. Dovetail machining 
2. Application of wire mesh to leading edge 

3. Application of nickle plating to wire mesh 

4 .  Trimming blade to length and tip forming 

All blade specimens were subjected to through-transmission ultrasonic 
C-scan (TTUCS) inspection before and after testing in addition to hologra- 
phic and root dye penetrant inspection. 

The C-scan inspection technique, shown in Figure 83, is basically a 
measurement of sound attenuation due to both absorption and scattering. 
through-transmission approach (as opposed to pure pulse-echo or reflection- 
plate pulse-echo/transmission approaches) provides for a more efficient energy 
transfer with a minimal influence of test equipment configuration or 
material/component shape. The scanner contour follows the airfoil with a 
master/slave servomechanism. Even so,  the attenuation values must be 
referenced to a specific ply stackup and process sequence employed in the 
manufacture of each component. 

The 

High-resolution scanning (75 lines per inch for 15,000 units of data per 
square inch), combined with 10 shades-of-gray (5  percent of 95 percent on the 
Oscilloscope) recording on dry facsimile paper, provides an "attenugraph" 
image which is read much in the same manner as a radiograph. 

The laser holographic facility, Figure 84, was also used to inspect the 
blades molded during this program. It is highly versatile in that the optical 
devices may be positioned to accommodate a variety of object types and fields 

' of illumination on panels, blades, and other contoured components. Interfero- 
metry relies on secure blade fixturing and consistently reproducible stressing 
for the second exposure of a double-exposure hologram. Typical interferograms 
are presented in Figure 85. 
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Figure 83; Test  Technique for Ultrasonic C-Scan of Composite Blades. 
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(a) Concave - Tip 
No Discontinuity 

(b) Convex - Tip 
No Discontinuity 

I -"a 

< c )  Concave - Root 
Slight Disconti- 
nuity Due to Ply 
Slippage 

Figure 85. Holographic NDT of QCSEE Blade. e 

- - . . . . . .. . . . - . ._ . .  . . , , .- . . 

(d) Convex - Root 
No Discontinuity 
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Dye penet ran t  i n spec t ion  of t h e  d o v e t a i l  area w a s  performed on each of 
t h e  blades.  This  test  w a s  used t o  d e t e c t  surface-connected r o o t  delami- 
na t ions  i n  t h e  machined dove ta i l .  The dye penet ran t  check a l s o  g ives  
q u a l i t a t i v e  i n d i c a t i o n s  of r o o t  zone poros i ty .  

0 

D 

The f o u r  blades f a b r i c a t e d  w e r e  thoroughly nondes t ruc t ive ly  t e s t e d  as 
descr ibed above. Thei r  q u a l i t y  w a s  judged t o  be acceptab le  f o r  test. 

4.4  IXI?ACT TEST PLAN 

The same f a c i l i t y  and procedures used f o r  t h e  t e s t i n g  descr ibed i n  
Sec t ion  3.2 and 3.3 w e r e  used i n  t h i s  t e s t i n g  except no s t r a i n  gages were 
used. Table X I 1 1  p re sen t s  t h e  test  plan.  The p i n  r o o t  b lade  w a s  impacted 
a t  23 degrees incidence wi th  an  o b j e c t i v e  241 gram (8.5 ounce) sl ice weight. 
An i d e n t i c a l  b lade  but  with a keyhole o u t s e r t  w a s  a l s o  t e s t e d  a t  t h i s  con- 
d i  t ion .  

The fou r  improved blades were impacted a t  t h e  same condi t ion  [ 3 3  
degree incidence angle  and 340 gram (12 ounce) s l ice  weight] t h a t  r e su l t ed  
in s e r i o u s  damage t o  an e a r l y  QCSEE blade,  which had su f fe red  over 60 
percent  weight l o s s  and 100 percent  a i r f o i l  delamination. 

4.5 TEST RESULTS AND DISCUSSION OF RESULTS 

4.5 .1  P i n  Root Blade T e s t  

. The f i r s t  b lade  t e s t e d  i n  t h i s  test series w a s  t he  p in  root  blade 
discussed i n  Sec t ion  4.2.1 which w a s  otherwise i d e n t i c a l  t o  a keyhole 
o u t s e r t  b lade  previous ly  t e s t ed .  Resul t s  of t h e  keyhole b lade  showed no 
weight l o s s  and 75 percent  delamination of t he  g i r f o i l  a t  23 degree inc i -  
dence angle  a t  3200 rpm and 241  gram (8.5 ounce) slice. 

Before impact t e s t i n g ,  t he  p i n  roo t  blade w a s  run up t o  3800 rpm (117 
percent  of mechanical des ign) ,  t o  demonstrate overspeed capab i l i t y .  
Following t h i s  tes t ,  a delamination i n  t h e  composite d o v e t a i l  w a s  detecfed.  
N o  damage w a s  de t ec t ed  on previous runs a t  3200 rpm. Figure 86 shows a 
photograph of t h e  delaminat ion a t  t h e  leading edge us ing  d i e  pene t ran t .  
Figure 87 shows t h e  ex ten t  of the 'de lamina t ion  as def ined by u l t r a s o n i c  
inspec t ion ;  t h e  area below t h e  whi te  t i cked  l i n e  represent ing  t h e  area of 
delamination. Af t e r  a review of t h e  ex ten t  of t h e  delaminat ion,  i t  w a s  
decided t o  proceed wi th  th'e impact test of t he  blade.  Since t h e  damage w a s  
confined t o  t h e  roo t  area of t he  blade,  t h e  a b i l i t y  of t h e  a i r f o i l  po r t ion  
of the  b lade  t o  absorb t h e  impact should be unchanged. Therefore ,  any 
impact advantage a s soc ia t ed  wi th  t h e  p i n  roo t  concept could s t i l l  be idem- 
t i f  ied.  
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The AU/Kevlar b lade  equipped wi th  a p in  root  w a s  then impact t e s t ed .  
Figure 88 shows t h i s  blade a f t e r  impact. This b lade  w a s  t e s t e d  a t  3200 rpm 
and 23 degrees incidence angle  with an ob jec t ive  s l ice  of 241 grams (8.5 
ounces). Analysis of t he  high speed movies showed t h a t  an i n i t i a l  s l i c e  of 
about 227 grams ( e igh t  ounces) w a s  achieved with no weight l o s s  t o  
blade. However, on t he  t h i r d  and f o u r t h  revolu t ions  a f t e r  t he  i n i t i a l  
impact, a d d i t i o n a l  impacts occurred. The t o t a l  s l ice s i z e  w a s  510 g r  
(18 ounces). The secondary impacts occurred f o r  two reasons: (1) wh 
blade r o t a t e s  about the pin,  i t  moves a x i a l l y  outward toward the  b i r d  
t h e  p in  is  o r i en ted  o f f  t he  axial d i r e c t i o n  t o  set the 23 degree i n c i d  
angle ,  and (2) t h e  i n j e c t o r  oscillates a f t e r  f i r i n g  so t h a t  t he  b i r d  is 
again c lose  t o  the  blade a f t e r  two o r  t h r e e  revolut ions.  

Analysis of t he  high speed movies w a s  conducted t o  f ind  the  blade 
r o t a t i o n  f o r  t he  p in  r o o t  and keyhole blade.  
weight of the p in  r o o t  b lade  cannot 6e determined with g r e a t  accuracy, i t  
is  f e l t  i t  w a s  not  s u b s t a n t i a l l y  d i f f e r e n t  from the  keyhole blade va lue  of 
241 grams (8.5 ounces). Comparisons of t he  r o t a t i o n  c h a r a c t e r i s t i c s  of t he  
two blades i s  shown i n  Figure 89. 

Although t h e  i n i t i a l  s l ice  

A s  can be seen from the  f i g u r e ,  t he  p in  root  blade ro t a t ed  t o  an 
i n i t i a l l y  higher  angle  than the  keyhole blade,  about 11 degrees versus  f i v e  t o  
s i x  degrees. Also, t h e  p in  roo t  blade r o t a t i o n  damped out  much more slowly 
than the  keyhole blade; t h i s  is  due t o  the  reduced f r i c t i o n  assoc ia ted  with 
t h e  pin.  
p a r t i c u l a r  blade design i f  t he  blade root  w a s  suscep t ib l e  t o  root  f a i l u r e  upon 
impact since the  p in  r o o t  has low r e s i s t a n c e  t o  r o t a t i o n .  

These da t a  show t h a t  the  p i n  roo t  concept might be h e l p f u l  f o r  a 

4.5.2 Improved Blades T e s t  

P r i o r  t o  impact testing',  a l l  fou r  improved blades were bench frequency 
checked. Table XIV shows t h e  frequency r e s u l t s .  The range of the  frequen- 
c i e s  f o r  t he  QCSEE prel iminary blade descr ibed i n  Sec t ion  3.1 are a l s o  
included f o r  reference.  A s  p red ic ted ,  a l l  fou r  improved blades e x h i b i t  
acceptab le  frequency c h a r a c t e r i s t i c s  from an engine i n s t a l l a t i o n  s tandpoint .  
The weight of each blade p r i o r  t o  test is a l s o  shown. The weight of t he  
improved blades are s l i g h t l y  higher  than t h e  QCSEE blade due e s s e n t i a l l y  t o  
t h e  replacement of t h e  Kevlar with heavier  S-glass. Table XV presents  the  
r e s u l t s  of t he  impact test f o r  t he  four  blades i n  terms of t h e  percentage 
of blade weight t h a t  w a s  l o s t  due t o  the  impact and the  percentage of t h e  
a i r f o i l  t h a t  w a s  delaminated. 
u l t r a s o n i c  C-scan of t he  blades a f t e r  impact. 
Sect ion 4.3, is  a b l e  % - i d e n t i f y  areas of delamination even i f  only one o r  
two p l i e s  are delaminate 

t i o n  i n  the  timing and i n j e c t o r  mechanism, i t  

The area delaminated w a s  measured by an 
This technique, discussed i n  

Due t o  unavoidable 
is not  poss i3 l e  t o  achieve ekac t ly  the same slice s i z e  on each shot .  
t h i s  reason, i t  is necessary t o  compare the  da t a  using r e s u l t s  of t he  
impact parameter inves t iga t ion  discussed i n  Sect ion 3.  

For 

Figures 90 and 91 
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Figure 88. P i n  Root Blade  a f t e r  Impact. 
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presen t  t h e  weight loss and area delaminated i n  g raph ica l  form versus  t h e  
normal energy parameter, EN, which is descr ibed i n  Sec t ions  3.3 and 3.4. 
The r e s u l t s  of t e s t i n g  on t h e  o r i g i n a l  QCSEE b lade  i n  1974 and t h e  test 
conducted i n  conjunct ion  wi th  t h e  p i n  r o o t  b lade  test are a l s o  shown f o r  
co@parison. 
ordnce) slice. This w a s  due t o  a malfunction i n  t h e  i n j e c t o r  mechanism, 
however, s i n c e  t h e  b l ade  w a s  n o t  s eve re ly  damaged, it w a s  r e t e s t e d  as 
shown. Also shown on Figures  90 and 91  is  t h e  normal energy a t  takeoff f o r  
a 0.68 kg (1-1/2 pound) b i r d  impact. Photographs of t h e  concave and convex 
s i d e  of each b lade  a f t e r  impact are presented i n  F igures  92. through 99. 
Based on t h e  d a t a  presented  above, t he . fo l lowing  conclusions have been 
drawn: 

Note t h a t  b l ade  PQPOO3 w a s  a l s o  impacted wi th  an  82 grams (2.9 

0 For t h e  impact of a 0.68 kg (1-1/2 pound) b i r d  a t  takeoff  engine 
condi t ions ,  t h e  improved b lades  wi th  h igh  shear  materials show 
s u b s t a n t i a l  improvement i n  FOD c a p a b i l i t y .  The new blades  e x h i b i t  
a weight l o s s  of 15 t o  25 percent  versus  over 60 percent  f o r  t h e  
l o w  shear  material b lades  and an area delaminat ion of 65 t o  70 
percent  versus  PO0 percent f o r  t he  low shear  s t r e n g t h  blades.  

0 On a weight l o s s  b a s i s ,  t h e  standard-type and t h e  QCSEE-type 
layups show about t h e  same FOD t o l e rance .  That is  t h e  b lades  
having a s tandard  layup (PQPOO4 and 006) and t h e  b l ades  having a 
QCSEE layup (PQPOO3 and 005) exh ib i t ed  similar weight l o s s  charac- 
teristics when impacted by RTV b i r d s  weighing between 200 t o  500 
g r a s  . 

0 Observation of t h e  f a i l e d  blades suggests t h e  standard-type 
layups  PQPOO4 and 006 appear t o  l o s e  a reg ion  a t  t h e  lead ing  edge 
t i p  when impacted, whereas b lade  PQPOO3, having the  QCSEE design, 
l o s t  t h e  e n t i r e  o u t e r  po r t ion  of a i r f o i l .  At lower span impacts, 
t h i s  c h a r a c t e r i s t i c  of t h e  QCSEE layup could r e s u l t  i n  worsened 
FOD c a p a b i l i t y  relative t o  t h e  s tandard  Payup. 

e Adding a l a y e r  of AF126 adhesive along t h e  cen te r  of t h e  b l ade  
d i d  no t  improve o r  l e s s e n  impact r e s i s t a n c e .  . 

e From an o v e r a l l  s tandpoin t ,  t h e  s tandard  layup wi th  i n t r a p l y  
material appeared t o  o f f e r  t h e  b e s t  FOD c a p a b i l i t y  of any of t he  
o t h e r  candida tes  f o r  t he  l imi t ed  t e s t i n g  conducted. 
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Figure  92. Blade PQP003 Concave S i d e  a f t e r  Impact. 



F i g u r e  93. B l a d e  FQP003 C o n v e x  S i d e  after Impact. 



Figure 94. Blade PQP004 Concave Side after Impact. 



F i g u r e  95. Blade  PQP004 Convex S i d e  after Impact. 



D 

Figure 96. Blade PQPOOS Concave Side  after Impact. 
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Figure 97. Blade PQPOOJ Convex Side  a f t e r  Impact. 



Figure 98. Blade PQPOOG Concave S ide  a f t e r  Impact. 
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Fimre 99. Blade PQPOO6 Convex S i d e  after Impact. 

. 
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5.0 CONCLUSIONS 

This r e p o r t  has presented  t h e  r e s u l t s  of a 20-month program designed 
t o  i n v e s t i g a t e  parameters which e f f e c t  t h e  fo re ign  o b j e c t  damage r e s u l t i n g  
from inges t ion  of b i r d s  i n t o  f a n  b lades  of a QCSEE-type engine; and t o  
des ign ,  f a b r i c a t e ,  and impact test QCSEE f a n  b lades  which show improvement 
i n  POD r e s i s t a n c e  relative t o  e x i s t i n g  blades.  
ob jec t ive ,  s t r a i n  gage instrumented QCSEE-type f a n  b lades  were s ingle-blade 
impacted i n  a Whir l ig ig  f a c i l i t y  a t  s e l e c t e d  impact condi t ions  us ing  small 
RTV p r o j e c t i l e s  whi le  t h e  r e s u l t i n g  dynamic s t r a i n s  i n  t h e  b lade  w e r e  

I n  t h e  second phase of t h e  program, four  improved QCSEE-type f a n  
b l ades  were designed, f a b r i c a t e d ,  and impact t e s t ed .  A p in  r o o t  attachment 
concept w a s  a l s o  i n v e s t i g a t e d  from an  impact s tandpoin t  i n  t h i s  phase. 
Based on t h e  r e s u l t s  of t h i s  program, t h e  following conclusions have been 
reached : 

To accomplish t h e  f i r s t  

' recorded. 

Evaluat ion of Impact Parameters 

e Excel len t  q u a l i t y  s t r a i n  d a t a  w a s  obtained during t h e  t e s t i n g .  

a Varying t h e  impact parameters i n v e s t i g a t e d  e f f e c t e d  t h e  amplitude 
of t h e  r e s u l t i n g  s t r a i n / t i m e  trace, but d id  no t  s u b s t a n t i a l l y  
e f f e c t  t h e  frequency of t he  wave. However, changes i n  t h e  impact 
span changed both t h e  amplitude and frequency of t h e  waveforms. 

e I n  t h e  area of impact, t he  maximum s t r a i n  occurs on t h e  f i r s t  
c y c l e  of t h e  stress wave a f t e r  impact. 

e Frequencies up t o  4000 Hertz  con t r ibu te  t o  t h e  s t r a i n  response 
f o r  t h e  s m a l l  impacts s tud ied .  

The k i n e t i c  energy of t he  b i r d  normal t o  the  b lade  chord and t h e  
normal f o r c e  c o r r e l a t e  t he  s t r a i n  d a t a  w e l l  f o r  t h e  range of 
impact parameters s tud ied .  

e 

o A f i n i t e  element computer program gave e x c e l l e n t  agreement wi th  
t h e  test d a t a  f o r  t h e  impacts s tud ied .  

Improved FOD Res i s t an t  Blades 

A blade  using a p in  r o o t  attachment r o t a t e d  more upon impact than 
a s i m i l a r  b l ade  wi th  a keyhole o u t s e r t ,  and t h e  b lade  o s c i l l a t i o n s  
damped ou t  much more slowly than f o r  the 'keyhole  design, 

e 
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. . .. I . . . . 

e AU/Kevlar and AS/Kevlar have a low in te r laminar  shear  s t r e n g t h  of 
about 30 MN/m2 (4 k s i )  i n  panel  tests relative t o  AS/S-glass 
pane ls  which have about 10 MN/m2 (10 ksi) shear  s t rength .  

For t h e  impact of a 0.68 kg (1-1/2 pound) b i r d  at  takeoff  engine 
condi t ions ,  t h e  improved b lades  wi th  high shear  materials show 
s u b s t a n t i a l  improvement i n  FOD c a p a b i l i t y  r e l a t i v e  t o  t h e  older 
blade  designs.  The new blades  e x h i b i t  a weight loss of 15 t o  25 
percent  versus  over 60 percent  f o r  t he  low shear  material b lades  
and an area delamination of 65 t o  70 percent  versus  100 percent  
f o r  t h e  o ld  low shear  s t r e n g t h  blades a t  t h i s  impact condi t ion.  

- 

e 
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7.0 APPENDIX 

The following 18 f igures  present the  s t ra in  gage test data a s  measdred 
for Runs 1 to 9 as  discussed In Section 3.0.  
the s c a l e  and compression is down the s c a l e .  

For a l l  gages, tension is up 

I 
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Run No.  1 
D 

16 gm S l i c e  
75% Span 
3200 rpm 
23O Incidence Angle 

5 



Run No. 1 (Concluded) 

5000 CI 

1 

I , # , , , , , , , , , , , , , ,  I , , , , , , , , , , ,  

I . . . . . . . . .  I ,  
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Run N o .  2 

17 gm S l i c e  
75% Span 
3808 rpm 
23' Incidence Angle 

. 



. .  

Run No. 2 (Concluded) 



Run No. 3 

24 gm S l i c e  
75% Span 
3195 rpm 
23O Incidence Angle 

b 50 



. .  . 

Run N o .  3 (Concluded) 

5000 CI 

1 
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Run No.  4 

19 gm S l i c e  
75% Span 
2260 rpm 
23' Incidence Angle 

. .::- . .  . .. 

50 
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Run No. 4 (Concluded) 
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Run N o .  5 

18 gm S l i c e  
37% Span 
3202 rpm 
40° Incidence Angle 

1 54 



Run No. 5 (Concluded) 

5000 f ca 

1 

. .  

155 



. -. 

.- . :r 

Run N o .  6 

11 gm S l i c e  
37% Span 
3797 rpm 
40° Incidence Angle 

e 

1 56 



Run No. 6 (Concluded) 

T 
5000 I.I 

1 
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Run N o .  7 

21 gm S l i c e  
37% Span 
3196 rpm 
40' Incidence Angle 

50 
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Run No. 7 (Concluded) 

T 
5000 IJ 



- .  
.:, 
. .  
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Run N o .  8 

14 gm Slice 
75% Span 
3200 rpm 
33 Incidence Angle 

4 



Run N o ,  8 (Concluded) 

5000 P 

1 
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Run N o .  9 

12 gm S l i c e  
75% Span 
3804 rpm 
33O Incidence Angle 

- .  



D 

Run No. 9 (Concluded) 
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- .. . . .. 
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The following six figures present the analytical results obtained as 
strain versus time for Runs 1; 5 and 8,  as  discussed in Section 3 . 4 .  
curves are to the same scale as the test data curves found elsewhere in 
the Appendix. 

These 
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. .  

e Run N o .  1 

o 16 g S l i c e  

e 75% Span 

e 3200 rpm 

e 23O Incidence Angle 
1 x sec 
- .  I I 

2500 

0 

-2500 
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o Run No. 1 

0 16 g S l i c e  

e 75% Span 

o 3200 rpm 

23O Incidence Angle 
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0 

E 
Y 
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c .A 
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k 
c, 
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0 

-2500 

2500 

0 
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e Run No.  5 

0 18 g S l i c e  

e 37% Span 

e 3202 rpm 

e 40° Incidence Angle 

2500 

0 

-2500 

2500 

s 
\ 
E 

3. 

d o  
.rl 
ln 
h 
4J 
rn 

-2500 

2500 

0 

-2500 

2500 

0 

-2500 
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8 
8 
\ 

0 Run N o .  5 

e 18 g S l i c e  

e 37% Span 

e 3202 rpm 

0 40° Incidence Angle 

2500 

0 

-2500 

2500 

0 

-2500 I 

2500 

0 

-2500 
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0 

-25oa 

2500 

0 

-2500 

2500 

e 
e \ 

-2500 

2500 

0 

-2500 

2500 

Run No. 8 

14 g Slice 

o 75% Span 

3200 rpm 

33' Incidence Angle U 1 x 10-3 sec 
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e Run No. 8 

m 14 g S l i c e  

e 75% Span 

m 3200 rpm 

e 33' Incidence Angle 
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0 

-2500 

2500 

a 

-250C 
d .d 
m 
k 
c, 
m 

2500 

0 

-2500 

170 



2 2  DlSTRl EUTlOM L l S T  
. .  
.I . . .  
i.? 

F I  BER COMPOSITE FAN BLADE IF?PACT 1MPROVEPIENT PROGRAM 
0 

NAS 3- 178 36 NASA CP, 135078 

Add r e s  see 

NASA-Lewis Research Center 
21000 Brookpark Road 
Cleveland, OH 44135 
A t t n :  C o n t r a c t  S e c t i o n  B e  MS 500-313 

. Technology U t l l i z a t i o n  O f f i c e ,  !IS 5-19 
AFSC L i a i s o n  Of f i ce ,  b1S 501-3 
AAMRDL O f f i c e ,  MS 500-317 
L fb ra ry ,  MS 60-3 
Report  Con t ro l  O f f i ce ,  MS 5-5  
C m  C. Ciepluch, MS 5 0 1 - 9  
R ,  J, Denington, MS 5 0 1 - 9  
R, Hm Kemp, .MS 49-3 
R e  f 4 m  Johns, MS 49-3 
N. T. Saunders, EIS 1 0 5 - 1  
C. C, Chamis, MS49-3 
R. L e  Lark, MS49-3 
J. R, Faddoul, !.IS 49-3 

filASA-Ames Research Center 
b l o f f e t t  F i e l d ,  CA 94035 
A t t n :  L i b r a r y  

EIASA-FI i a h t  Research Center 
P.O. Box 273 
Edwards, CA 93523 
A t t n :  L i b r a r y  

_ -  

NASA-George C. Marshal 1 Space F1 Yght Center 
H u n t s v l l  le, AL 35312 
A t t n :  L i b r a r y  

NASA-Goddard Space F1 i ght Center 
Greenbel t ,  MD 2 0 7 7 1  
A t t n :  L i b r a r y  

J e t  P r o p u l s i o n  Labora to ry  
4800  Oak  Grove D r i v e  
Pasadena, CA 91103 
A t t n :  L l b r a r y  

171 

No. o f  Copies 

f 
1 
1 
2 
1- 
1 
a. 
1, 
I 
f 
f 
1 

10 

f 

1, 

f 



Addressee 

NASA-Langley Research Center 
Hampton, VA 23365 
A t t n :  L i b r a r y  

. ..: -.__ .. . . . ..- . . -. 

, .. , . -. : 

NASA-Lyndon C .  Johnson Space Center 
Houston, TX 7 7 0 0 1  
A t t n :  L i b r a r y  

R A S A - O f f  i c e  o f  Ae ronau t i cs  and Space Technology 
Uas h i  ngton, DC 20546 
A t  tn: R L f S / N .  Player 

RWfcI/J. J. Gsngler  

NASA-Sc ien t i f i c  and Techn ica l  I n f o r m a t i o n  F a c i l i t y  
P.B. 5ox 8 7 5 7  
Ea1 t imsre/Wash i ngton  I n t e r n a t  I onal A i  r p o r t  
Bal t imore,  bID 21240 
&ttn: Access fon ing  Branch 

Advanced Research P r o j e c t s  Agency 
Washington, DC 20525  
A t tn :  b l b r a r y '  

A i r  Force A e r s n a u t l c a l  P r o p u l s i o n  Labora to ry  
Wr igh t -Pa t te rson  Air Force Base, OH 4 5 4 3 3  
A t t n :  TEP/T. Norbut 

CA/Heiser ( D r .  1 
T B P p L ,  J . -  Obeay 

A i r  Force F l  I g h t  Dynarnlcs Labora to ry  
Wri g h t - P a t t e r s o n  A i  r Force Base, OH 45433 
Attn: C. C. Wal lace ( F B C 1  

P. A. Parmley 

U.S ,  A r m y  M a t e r i a l s  and Mechanics Research Center 
Watertown Arsena l  
Watertown, MA 02192 
A t t n :  L i b r a r y  

C onirna n de r 
Naval A i r  Systems Command 
Itlashington, DC 20360 

Comma n de r 
Naval OrdP nance Systems Command 
Washington, DC 2G360 

172 

No. o f  Copies 

1 

1 

1 
1 

2 

I 

1 
1 
1 

f 
1 

1 

f 

f 



Addressee 

a 

No. 0 f Copies 

Defense M e t a l s  I n f o r m a t i o n  Center 
Battel l e  f9emorial Institute 
Columbus L a b o r a t o r l e s  
5 0 5  King Avenue 
Columbus, OH 43201 

Department of t he  A r m y  
U,S,  A r m y  M a t e r i a l  Command 
Washington, DC 20315 
A t  t n  : APKRD-RC 4 

Department o f  the  Army 
UmS. A r m y  A v i a t l o n  M a t e r i a l s  Labora to ry  
F o r t  Eustls, VA 23604 
A t t n :  L i b r a r y  

Qepartment o f  t h e  A r m y  
U.S, A r m y  A v i a t i o n  Systems Command 
P.0 ,  Box 209 
S t .  Louiso MO 63166 
A t t n :  L i b r a r y  

Department o f  t h e  A r m y  
Waterv l  i e t  Arsenal  
Waterv l  i et, NY 12189 
A t t n :  L i b r a r y  

Department o f  t h e  Army 
P l a s t i c s  Pechn lca l  E v a l u a t i o n  Center  
P l c a t i n n y  Arsenal  
Dover, PJJ 09801 
A t t n :  H, E m  Pebly, JP, 

Department 06 the.’ Navy 
O f f i c e  o f  Naval Research 
Washlngton, DC . 20360 
A t t n :  L i b r a r y  

Department o f  t h e  Navy 
U.S,  Naval Ship RejD Labora to ry  
Annapol Is, C4D 21402 
A t t n :  L ib . ra ry  

D i r e c t o r  . 
Naval Research L a b o r a t o r y  
Washington, DC 20390 

1 

1 

1 

f 

1 

173 



Addressee 

Naval Ship Systems Command 
Code 03423 
Washington, DC 20360 
A t t n :  C, H ,  Pohler 

N a t  iona 1 Sci ence Foundation 
Engineering Division 
1800 G Street, N.W. 
Washington, DC 20540 
Attn: Library 

f 

i 

National Technical Information Service 
Springfield, VA 22151 

U . S .  Naval Ordnance Caboratory 
White Oak 
Silver Spring, E/ID 20910 
At tn :  F ,  R. Barnet 

Avco Space Systems Division 
bowel 1 Industrial Park 
bowel 1, MA 01851 
Attn: T .  L. Moore 

M. Salkind (Dr.) 

Rabcock and W i  lcox Company 
Advanced Compos1 tes Department 
P,O, Box 419 

Attn:  W. C ,  Young 
Alliance, OH 44601 

BattePie hemsrial institute 
505 King Avenue 
Columbus, OH 43201 
Attn: L. E. Hulbert (Dr.) 

Bel 1 Aerospace 
Division of Textron 
Buffalo, NY 14240 
Attn: Library 

Boei ng Aerospace Company 
P . 0 ,  Box 3999 
Seattle, WA 98124 
Attn: 4. P. Hoggatt, MS 47-01 

Detroit Diesel-All ison Division 
General, Motors Corporation 
Indianapolis, I N  462319 
Attn: M. Herman ( D r . 1  

174 

No. o f  Copies - 

1 

1 

2G 

1 

1 
1 

1 

1 

1 

1 

1 



- Add res  s ee - No, o f  C O D ~ C S  - 
Deposi ts  & Composites, Incorpora ted  
1 8 2 %  Michael  Faraday D r i v e  
Reston, VA 22090 
A t tn :  R. E. Engdahl, Pres ident  

Douglas A i r c r a f t  Cowpany 
3855 Lakewood Boul evard 
b o ~ g  Beach, CA 90846 
A t tn :  R, Kawai 

Drexel  U n i v e r s i t y  
Phi Iadelph ia,  PA 1931016 
Atttn: P. C, Chou (Pro fessor )  . 

1 

E. I .  duPont deblemours and Company, lnc.  
Exper l  mental S t a t  ion 
WOlm!ngton, DE 19898 

L i bra  r y  1 
A t t n :  C. Ha Pweben ( D p , ) ,  Blefg.  262, Rm, 433  1 

Ffber Science, incorpora ted  
245 East 157th S t r e e t  
Gardena, CA 90248 
A t t n :  L. J. Ashton 

The G a r r e t t  Corpo ra t l on  
AOResearch Manufac tur ing  Company 
402  Siouth 3 6 t h  S t r e e t  

A t tn :  D r ,  R. F, Kirby,  Dept, 93-39M 
Phoenix, A% 85034 

General Dynamtcs 
Convair Aerospace D i v i s i o n  
Ft. Worth Operat ion 
P . 0 ,  Box 748 

A t t n :  C .  bl, Rogers 
F t ,  bJortk, TX 76101 

Genera 1 Dynaml cs  
Convair Aerospace D i v i s i o n  
P.O. Box 80847  

A t t n :  J. E a  Ashton ( D r , )  

General E l e c t r i c  Company 
Corporate Research and Development Center 
1 Rive r  Road 
Schenectady, N Y  12305 
A t t n :  S. Levy 

San Diego, CA 92138 

f 

1 

1 

f 

1 

175 



..;:. I., *. i ,i . . . . ... L :.* . . ... .. . +. . ~. . . - . . . . .  ... . 

î 
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Blue Be l l ,  PA 19422  
A t t n :  B ,  W. Rosen (Dr , )  

McDonnell-Douglas As t ronau t i cs  Company 
5 3 0 1  Bolsa Avenue 
Hunt ing ton  Beach, CA 92547 0 

At tn :  R. ‘w. Selbold, A3-253 
L. 8 .  Greszczuk 

Na t iona l  Bureau o f  Standards 
Eng ineer ing  Mechanics Sec t i on  
Washington, DC 20234 
A t t n :  R. E4i tchel l  ( D r . )  
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Addressee 

Nor th  American A v i a t i o n  D i v i s i o n  
Rockwell, Incorpora ted  
I n t e r n a t i o n a l  A i r p o r t  
Los Angeles, CA 90009 
A t tn :  L ,  M. Lockman (Dr.1 

Northwestern U n i v e r s i t y  
Evanston, 9L 6 0 2 0 1  
A t t n :  J. 0. k h e n b a c h  (Pro fessor )  

Unl t e d  Technologies Corpora t ion  
Hami l ton Standard D i v i s i o n  
Windsor Locks, CT 06096 
A t t n :  L. S t o l t z e  

E. Rothman 
W .  Perc tva l  

P r a t t  & Whitney A i r c r a f t  D i v i s i o n  
Un i ted  Technologles Corpora t ion  
400 Main S t r e e t  
East Har t fo rd ,  CT Q6108 
A t t n :  F. Ver Schneider 

T. Zupnik 
F. Mahlcr 
T. Dennis 

Purdue University 
West Lafayekte, IN 47906 
A t tn :  C, T. Sun (Pro fessor )  

S i  korsky  A i  r c r a f  t 01 v6 s ion 
Un i ted  Technologies Corpora t ion  
S t r a t f o r d ,  CT 06602 
A t tn :  L i b r a r y  

Southwest Research I n s t i t u t e  
8500 Culebra Road 
San Antonio, TX 78284  
A t t n :  f. Anyos 

_ -  

0 

S t r u c t u r a l  Composltes Indus t r i es ,  lnc.  
6344 North l r w l n d a l e  Avenue 
Azusa, CA 91702  
A t t n :  E, E. M o r r i s  

Vlce Pres ident  
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Add res see 

TRW, Incorporated 
23555 Eucl i d  Avenue 
Cleveland, OH 44115 
Attn: W. E. Winters 

1 .  Toth (Dr . )  
E. Barret t ,  T/M 3417 

0 

Union Carbide Corporat lon 
Carbon Products Dlv7ision 
P.O. Box 6116 
Cleveland, OH 44101 
A t t n :  J. C. Bowman, D i rec to r  

Research and Advanced Techno1 ony 

Uni ted A i r c r a f t  Research Laborator ies 
UnO ted  TechnoloRies Corporat ion 
East Hart ford,  CT 06108 
Attn:  M. DeCrescente ( D r . 1  

UnlvarsOty o f  Cal I f o m l a ,  Los Angel-s 
School o f  Engineering and Appl ied Selence 
Los Angeles, CA 9.0024 
Attn: B. S, Dong ( P P O ~ ~ S S ~ ~ P )  

U n i v e r s i t y  o f  Dayton 
Research i n s t i t u t e  
Dayton, OH 45409 
A t t n :  F. K. Bogner 

No. o f  Copies - 

1 
1 
1 

1 

Unfvers I t y  o f  FP o r  0 da 
GaOnesville, FL 32611 
Attn:  R ,  L, SierakowskO (Prgfessor)  

U n i v e r s i t y  o f  l l l l n o i s  
Department ob Theore t ica l  and Appl ied Mechan%cs 
Urbana, l e  6180%.- 
A t t n :  HI. T. Corten (Professor)  

Ver to l  Divlsfon 
The Bcreing Company 
Phi ladelphia,  PA 19142 
A t t n :  R. A. Plnkney 

Whit taker  Corporat ion 
Research and Development Center 
3540 Aero Court 
San Dlego, CA 92123 
A t t n :  L i b r a r y  
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